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Abstract
Jasmin Zamudio Vasquez
TOWARDS ENVIRONMENTALLY SUSTAINABLE, HIGH-PERFORMANCE,
LIGHTWEIGHT COMPOSITES FOR AUTOMOTIVE APPLICATIONS
2021-2022
Joseph F. Stanzione, III, Ph.D.
Doctor of Philosophy in Materials Science and Engineering
The increasing public demand in the world automotive industry to improve the
environmental sustainability of their manufactured vehicles without sacrificing driver’s
comfort and safety and the high cost of lightweight materials have driven researchers to
reconsider materials used in the automotive application. Thus, this work aims toward the
production of environmentally sustainable, high-performance, lightweight composites,
utilizing recycled carbon fibers (RCFs) and pyrolyzed tire particles (PTPs) reclaimed
from pyro-gasification of CFRP wastes and end-of-life tires (ELTs), respectively, as
reinforcements for cardanol-based epoxy resins. The fabricated composites exhibited
rubbery-like behavior at 25 °C. Spectroscopic, rheological, physical, thermal,
thermomechanical, and mechanical characterizations were performed to fundamentally
understand the processing-structure-property relationships of the manufactured
composites. In addition, laminates interleave with cardanol-based epoxy resin, and RCFreinforced cardanol-based epoxy composites widen the energy dissipation to lower
temperatures, implying better fracture toughness. For the hybrid composite, the
interlocking effect of combining RCFs and PTPs resulted in higher Tg and better thermal
stability compared to the composites with a single type of reinforcements. These material
behaviors demonstrate that these composites represent interesting candidates for
producing sustainable, lightweight, and low-cost anti-vibration components.
v
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Chapter 1
Introduction and Literature Review
1.1 Motivation
Growing environmental concerns and the decrease in fossil fuel sources have
caused an increase in interest in the development of bio-based polymeric materials.
Epoxy resins in the commercial market today are mostly petroleum-based. Despite the
advantages of having good chemical, thermal and mechanical properties, epoxy resins
derived from bisphenol A (BPA) pose health and environmental issues. Research is now
focused on developing alternative, BPA-free, high-performance epoxies to reduce
dependence on traditional petroleum based-epoxies. Because of their less polluting
manufacturing process, epoxy resins derived from a renewable source are more
environmentally friendly than BPA-based resins. Cardanol, a main component of the
thermally treated cashew nutshell liquid (CNSL), is a promising candidate for developing
sustainable epoxy resins. However, cardanol-based epoxy resins have not found extensive
industrial applications to replace conventional petroleum-based epoxy resins because
cardanol-based epoxies show lower mechanical properties than diglycidyl ether of
bisphenol A based (DGEBA-based) epoxies. Also, to increase the market adaptability of
bio-based epoxies, cardanol must compete in terms of mechanical properties,
processability, and price.
Solutions exist to recycle carbon fiber-reinforced composites. Recycling carbon
fibers is beneficial because carbon fibers are expensive and require high energy to
produce. Many processes and methods from the literature have shown the feasibility of
1

recycling carbon fibers. However, industrial applications and market adaptations of
recycled carbon fibers (RCFs) are still rare. Few studies controlled the RCFs' surface
qualities and their physical, thermal, and mechanical properties. The performance of
RCFs compared to commercial carbon fibers (CCFs) has not yet been explored
extensively. Also, only a few works showed the RCFs potential application. RCFs need
to be marketed, and this dissertation will help RCFs to be accepted in the market.
The management of end-of-life tires (ELTs) is of great importance due to the
significant environmental impact that they cause. Pyrolyzed tire is a valuable product of
ELT pyrolysis. To this point, no literature has been found to explore the characteristics
and potential industrial applications of bio-based epoxy resin with pyrolyzed tire particles
(PTPs) as reinforcements. Thus, this dissertation will serve as an evaluation of the
acceptability of PTPs in the industry.
This dissertation primarily aims to produce environmentally sustainable, highperformance, lightweight composites for automotive applications utilizing recycled
carbon fibers and pyrolyzed tire particles as reinforcements for bio-based epoxy
resins. The goal is to utilize waste materials (i.e., CFRP wastes and ELTs) and transform
them into forms that are applicable to automotive applications. The dissertation will
address the need to engineer cardanol-based epoxy resins to achieve desirable
properties by investigating the effect of RCFs and PTPs as reinforcements in the
structure-property-processing of the cardanol-based epoxy resins. The successes of this
research can potentially increase the demand and industrial application of cardanolbased epoxy resins, RCFs, and PTPs. Furthermore, the successful fabrication of

2

composites reinforced with RCFs and PTPs can help increase the penetration of these
lightweight materials in high-end applications such as the automotive industry.
1.2 Technical Needs in the Automotive Industry
The world automotive industry is currently facing environmental, legislative, and
public demand to improve the environmental sustainability of their manufactured
vehicles [1]. More than half of the parts of a modern car consist of cast iron and steel
(Figure 1), resulting in high fuel consumption and emission [2]. To overcome the
problem of energy efficiency, world automotive manufacturers must decrease CO2
emissions and increase fuel economy without sacrificing drivers’ comfort and safety [1].
One approach to reducing energy consumption is reconsidering the materials used in the
automotive application [1], [3]. Researchers have developed light-weighting strategies by
substituting traditional automotive components with polymeric composite materials, such
as carbon fiber reinforced polymers (CFRPs), to meet fuel economy targets and achieve
weight reduction cost-effectively. These polymeric composite automotive components
offer high specific stiffness, low weight, corrosion-free, ability to produce complex
shapes, high specific strength, and high impact energy absorption [3], [4].
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Figure 1. Various types of materials are used for manufacturing car parts [2]

The global automotive lightweight material market is projected to grow from
USD 69.7 billion in 2020 to USD 99.3 billion by 2025, at a compound annual growth rate
(CAGR) of 7.3% [5]. Because of the rising number of vehicles manufactured globally,
increasing concern regarding sustainability, increased ecological concern regarding CO2
emission, and the high cost of lightweight materials, researchers are encouraged to
develop polymer composites from renewable resources and recycled materials because
they offer a smaller global carbon footprint [1]. Thus, composites fabricated in this
dissertation have extensive potential applications in the automotive industry.
For sustainability, vehicle weight reduction, and safety of the driver and
passengers, several automotive parts can be replaced with lightweight composites, as
shown in Figure 2. Companies like Porsche, Volvo, and BMW, have already invested in
environmentally friendly composite part makers [6]. In addition, Daimler Chrysler has
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been using abaca fiber-reinforced composites for the spare-wheel compartment
underbody cover of the three-door version of the Mercedes-Benz A-Class model [7].

Figure 2. Some automotive parts could be replaced by lightweight composites [8]

Composites fabricated in this dissertation also have great potential applications in
motorsports. Motorsports play a vital role in society's social culture [9]. Due to growing
environmental awareness, and the decrease in fossil fuel sources, the motorsport industry
has recognized the need to incorporate sustainability strategies into their businesses. To
address the global environmental issues, some members of the motorsports industry have
introduced new regulations to enhance their environmental image. In 2021 FIA
(Fédération Internationale de l'Automobile) implemented the carbon reduction measures
within the FIA administration. FIA aims to ensure that safe, sustainable, affordable, and
clean transport systems are available [10]. FIA’s goal is to become carbon neutral in
2021, on route to net-zero by 2030 [10]. Formula 1 announced that by 2030, its goal is to
eliminate single-use plastics and to use sustainable materials in all its motorsports
5

vehicle [11]. Figure 3 shows parts of a Formula 1 race car that are constructed from
composite materials.

1. Front Suspension
2. Front Wing
3. Front Impact Structure
4. Monocoque
5. HANS device (on driver)
6. Exhaust shielding
7. Engine cover and components

8. Rear wing and support
9. Rear impact structure
10. Rear Suspension
11. Side impact structure
12. Air ducts
13. Floor pan

Figure 3. Formula 1 vehicle constructed from composite materials [12]

Using bio-based resins derived from renewable sources, like cardanol, and
recycled materials like RCFs and PTPs is environmentally helpful to the country because
the manufacturing of petroleum-based materials releases harmful gases into the
atmosphere. However, to date, the world has not entirely accepted the potential
applications of these materials. Thus, the results of this research can supply valuable
information that future researchers and the private sector could use. Furthermore,
6

successfully fabricating cardanol-based composites reinforced with RCFs and PTPs can
help increase the market acceptability of these lightweight materials in high-end
applications such as the automotive industry.
1.3 Composite Materials
Composites are strong load-carrying reinforcing material embedded in a weaker
matrix material [13]. The first uses of composites date back to the 1500s B.C. Egyptians
and Mesopotamians used a mixture of mud and straw to create strong and durable
buildings [14]. Straw was used to reinforce ancient composite products, including pottery
and boats. In 1200 AD, the Mongols invented the first composite bow by combining
wood, bone, and glue [14]. The large-scale application of composite materials started
during World War II with marine and aerospace military applications [15]. Because of
the attractive characteristics of composites, the demand for aerospace, automotive,
boating, sporting goods, energy, infrastructure, and other consumer applications
continues to increase [15]. According to the report cited, the global market size is
expected to increase from USD 88.8 billion in 2021 to USD 144.5 billion by 2028 [16].
The market is expected to expand at a compound annual growth rate (CAGR) of 6.6%
from 2021 to 2028 (Figure 4).
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Figure 4. Global composite market forecast [16]

Composite materials are formed by combining two or more components differing
in form and composition [17]. Composites are composed of the matrix and the
reinforcement. The matrix is the continuous phase surrounding the reinforcements and is
the pathway for load transfer [18], and the reinforcement is the discontinuous phase and
the property modifier of the matrix. Reinforcements can be in the form of fibers or
particles [18]. Properties of the composites depend on the type of matrix and
reinforcements used, the size and dimension of the reinforcements, the morphology of the
system, and the nature of the interface between the matrix and reinforcement [19]. The
advantages of using composite materials include a high strength-to-weight ratio, high
fatigue endurance, long-term durability, improved impact properties, and corrosion
resistance [20]. Because of these outstanding properties, composites are used in
aerospace, automotive, construction, transportation, and sports [21]. Based on the type of
matrix used, composites can be classified as metal matrix composite (MMC), ceramic
matrix composite (CMC), and polymer matrix composite (PMC). Based on the type of
8

reinforcement, composites can be classified as particle-reinforced composites, fiberreinforced composites, and structural/laminar composites [18]. The classification scheme
of composites based on the type of reinforcements used is given in Figure 5.

Composites

Particle - Reinforced

Large - Particle

DispersionStrengthened

Fiber - Reinforced

Continuous
(Aligned)

Structural

Discontinuous
(Short)

Aligned

Laminates

Sandwich
Panels

Randomly
Oriented

Figure 5. Classification of composites based on the type of reinforcements [18]

PMCs use high-strength and high-modulus fibers as reinforcement with a polymer
that serves as the matrix material [22]. Thus, PMCs are often called fiber-reinforced
composites (FRPs). FRPs have become an essential and valuable class of structural
materials in aerospace, automotive, industrial, sports, and other consumer applications
[15],[22]. PMCs have found much greater use than either metal matrix composites or
ceramic matrix composites in aerospace, automotive, and other industries due to their
lower density, high strength-to-density ratio, high modulus-to-density ratio, and relative
ease of processing. The lower density of PMCs is due to the lower density of polymers
compared to metals and ceramics.
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1.3.1 Composite Laminates
Fiber-reinforced composites for structural applications are made in the form of a
thin layer called a lamina or ply [23]. Composite laminates are structural composites
made by stacking several thin layers of lamina into the desired thickness [24–27]. The
mechanical response of laminates differs from the individual lamina that forms it [28].
The fiber orientation in each lamina and the stacking sequence composite laminate can be
controlled to generate a wide range of physical and mechanical properties [29]. Also, the
behavior of the laminates depends on the properties of each lamina and the order the
lamina is stacked [28]. Composite laminates, with their high specific modulus and high
specific strength, have advantages over traditional materials because they can be tailored
for a specific application [30]. Because of the outstanding properties of the composite
laminates, they found application in the aeronautics, aviation, automotive, and sporting
goods industries [28,32].
1.3.2 Hybrid Composites
Hybrid composites are composites with at least two different reinforcements and a
single matrix [27–30]. The reinforcement can be two or more types of fibers, two or
more types of particles, or a combination of particles and fibers [36]. For better service
application, particles and fibers are combined as polymer matrix reinforcements to
improve the mechanical, durability, electrical, and dimensional stability properties of the
matrix [29,31,32]. For example, adding soft rubbery particles into the rigid fiber
reinforced polymer improves the impact properties of the composites [35]. The major
sources of particulate fillers are industrial and agricultural wastes [34]. These particles
can be categorized as organic and inorganic and can be readily incorporated into the
10

composites, thus reducing manufacturing costs [34]. Several works were reported on the
hybrid composites based on the organic and inorganic particle fillers like alumina
toughened zirconia (ATZ), aluminum (Al) and titanium (Ti) particles [39], silica particle
[35], cassava peel particles [33] and coconut shell particles [38].
Hybridizing composites is also a way to produce more cost-effective composites
[40]. Several researched combined particles and fibers to obtain a better composite
performance [33], [35], [38], [39]. Verma et al. [41] found an increase in the value of the
flexural strength of the composites when 5 wt% fly ash and the E-glass fiber mat were
added to the epoxy matrix. Adediran [38] incorporated PVC resin with bamboo
fiber/particulate coconut shell reinforcements, and the results of their studies showed that
incorporation of 5 – 30 wt% bamboo fiber at 2 wt% constant particulate coconut shell
resulted in enhancement of yield strength, modulus of elasticity, flexural strength, and
modulus of rupture. Another study by Kailainathan et al. showed that [34] incorporating
15 wt% teakwood particulates into the sisal fiber-reinforced polyester resin improved the
tensile and flexural properties. Andrzejewski et al. [42] reinforced a polycarbonate matrix
with recycled carbon fibers (RCFs) and biocarbon (BC). Their study showed that
compared to composites with 20 wt% BC composites, combining equal amounts of RCFs
and BC (10 wt% each) results in a 270% increase in the tensile strength, 35% increase in
modulus, and 170% increase in impact resistance. Wang et al. [43] added Al2O3 particles
and carbon fibers (CFs) to the epoxy resin matrix and found that by adding 6.4% and 74
wt% of CFs and Al2O3, respectively, the thermal conductivity of the composites was
about 20 times of the neat resin. Guo et al. [44] prepared hybrid composites using epoxy
as the matrix and nano-SiO2/short carbon fibers as the reinforcements. The synergistic
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effect of the nano-SiO2 and short carbon fiber reinforcements showed improved surface
hardness and tribological properties.
In this dissertation, PTPs and RCFs will be combined as reinforcements for
cardanol-based epoxy resins. Based on these related works, combining RCFs and PTPs as
reinforcements for cardanol-based epoxy resin could produce hybrid composites that are
potentially greener, low-cost, lightweight composites with promising and desirable
properties compared to composites with a single type of reinforcement. Using recycled
reinforcements in this dissertation addresses the concerns related to the low sustainability
of BPA-based composites. Detailed characterization of the composites will be discussed
in the following chapter.
1.3.3 Damping Materials in Automobiles
Damping is the ability of a material to dissipate energy (heat, mechanical energy,
noise, and vibrations) [45]. All vehicles in the automotive industry use damping materials
to reduce structure-borne noise and prevent structural damage [46]. These damping
materials are usually made of composites. However, the effectiveness of the damping
treatment depends on the materials used, the environmental terrain, and the size and
location of the damping treatments [47].
Typical composite damping materials are applied on automobile doors, roofs, dash,
interior, and cab back panels of vehicles [46]. For racecars, damping materials are found
in suspension systems and aerodynamic components (rear wing and front wing) [48], [49].
The dampers are used to dissipate energy and achieve maximum acceleration while
keeping drivers comfortable [48].
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1.3.4 Damping in Carbon Fiber Reinforced Composites
Carbon fiber reinforced polymers (CFRPs) are lightweight materials with high
stiffness but low damping capacity [50]. The vibration and noise of automobile parts
negatively affect the ' lifetime and reduce the structural safety and comfort [51]. One way
to reduce engine noise and vibrations is to improve the damping properties of materials
used in producing automobile parts.
In CFRPs, the matrix primarily contributes to the viscoelastic damping of the
composites, and the matrix should be flexible with low glass transition temperature [52].
However, BPA-based epoxies are known to be brittle after cross-linking, affecting impact
resistance and damping properties [53]. Many ways have been developed to enhance the
damping properties of epoxies, such as adding a plasticizer, forming an interpenetrating
polymer network (IPN), or blending modifications [53]. Flexible epoxies are more suitable
for damping applications because they have a high loss factor or damping over a broad
frequency and temperature range than other commercially available brittle epoxies [54],
[55].
This dissertation aims to produce high-performance, lightweight composites with
desirable damping properties using flexible and sustainable components and recycled
fibers. The damping behavior of recycled carbon fiber reinforced cardanol-based epoxy
composites was investigated via dynamic mechanical analysis (DMA). DMA is useful to
describe the viscoelastic properties of materials over a range of time, temperature, and
frequency.
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1.3.5 Damping and Mechanical Behavior of CFRP Laminates
Dissipating energy to reduce vibration and noise is an essential feature in the
mechanical design of structures [56]. Traditional materials like metals have low damping
properties, resulting in high vibration amplitudes.

For fiber-reinforced composites,

damping is higher, and the damping depends on the constitution of the composites. At the
constituent level, the energy dissipation in fiber-reinforced composites is induced by
several factors such as the viscoelastic behavior of the matrix, the damping of the fibers
and the matrix, and the fiber-matrix interfaces, or by damages [56]. At the laminate level,
damping depends on the layers (lamina) orientation, stacking sequence, and interlaminar
effects [113-114].
Interleaving bulk viscoelastic layers between FRP plies provides a practical,
simple, and low-cost method to improve damping in laminates [115-116]. A rubbery layer
is a common solution to increase damping capacity in laminates [50]. However, adding
this rubbery layer may affect properties such as tensile strength, modulus, stiffness, and
overall integrity of the laminates [50]. In addition, the laminate suffers an increase in
thickness since vibration reduction is proportional to the core thickness [60]. Also, the
disposal of used rubber materials poses technical, ecological, and economic challenges
[61].
The interlaminar bond strength between the laminate layers is of fundamental
importance. Interlaminar shear stresses develop at the free edge of the multidirectional
laminates and local discontinuities. These stresses need to be evaluated for structural
applications [62]. Three-point bending test (flexural test) is often used to measure the
apparent interlaminar shear strength (ILSS) of composite laminates [62]. In a three-point
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bend test made by Nunes et al. [63], the flexural behavior of laminates depends on several
factors: fiber orientation, laminate stacking, surface waviness, and molding temperature.
In this dissertation, the physical, mechanical, thermomechanical, and damping
characteristics of CFRP laminates interleaved with cardanol-based epoxy resin and
recycled carbon fiber reinforced cardanol-based epoxy composites were explored.
1.3.6 Compression Molding Technique for Composite Fabrication
Compression molding is one of the well-established methods for manufacturing
thermosetting and thermoplastic polymers [28,110]. It is a process of molding composite
material into the desired shape by applying heat and pressure [27]. Advantages of
compression molding include low cost, high efficiency, good mechanical stability, and
excellent product repeatability [65]. Because of this advantage, compression molding is
highly used in the automotive industry [66]. The resin used for compression molding can
be thermosets or thermoplastics [67]. The resin may be in free-flowing granular form or
viscous material. For fiber-reinforced composites, typical compression molding starts by
mixing the resin with chopped fibers, and then the mixture is transferred to the mold cavity.
The mold is heated by a heating source that maintains a uniform temperature distribution.
The composite mixture will then absorb heat from the mold and starts curing. The final
composite is produced by compressing the heated material in the mold cavity [67]. The
pressure should be high enough to enable rapid curing cycles and high production volume
[66]. The higher the fiber content, the larger the pressure should be [66]. The material
should be squeezed and forced to flow inside the mold cavity. During squeezing, the
entrapped air is forced out of the mold, leading to less void content in the composites [66].
Aluminum molds are used for the compression molding process since steel conducts heat
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at a lower rate. The advantages of using aluminum molds are reduction in machining time
of the mold, superior surface finish, less mold maintenance, corrosion residue, and better
heat transfer [66].
1.4 The Matrix Phase
The matrix phase in fiber-reinforced composites can be metal, polymer, or
ceramic [18]. For fiber-reinforced composites, the matrix phase has several functions:
(1) it surrounds the fibers and protects them from external damage due to mechanical
abrasions or chemical reactions with the environment [68], (2) it binds the fibers together
and acts as the pathway for load transfer [18], and (3) it separates the fibers and prevents
the propagation of brittle cracks from fiber to fiber [18].
Composites in the industry today are primarily based on polymer matrices. The
properties of the matrix are important in the processing of polymer matrix composites
(PMCs). For example, the viscosity of the polymer is a major factor contributing to the
wetting of the fibers, filling of the mold, and making a good quality part [22]. There are
two categories of polymer resin matrices: thermosetting and thermoplastic [13].
Processing methods and time often depend on whether the matrix is a thermosetting or a
thermoplastic polymer [22]. Both thermosetting and thermoplastic polymers have longchain molecules with many repeating units [22]. The principal difference between the
two is that in thermosetting polymers, the molecules are chemically connected or crosslinked, whereas, in thermoplastic polymers, there are no chemical connections between
the molecules (Figure 6) [22]. Also, thermosets are hard and stiff, cross-linked materials
that do not soften or become moldable when heated [69]. The most used thermosetting
polymers are epoxy resins, unsaturated polyester resins, vinyl esters, novolacs, and
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polyamides [8-9]. Thermoplastics can be reformed when heated [69], and the most
common thermoplastic polymers are polyethylene, polystyrene, polyethylene
terephthalate, and polyvinyl chloride [18].

(a)
(b)
Figure 6. Schematic representations of (a) thermoplastic and (b) thermosetting polymer

1.4.1 Epoxy Resins as the Matrix
Most FRP composites within the engineering field use thermosetting polymers as
the matrix [72]. Epoxy resins are one of the most used thermosetting systems. Epoxy
resins have a wide range of applications, such as adhesives, construction, wind energy,
paint and coatings, electrical, and composites [73]. Epoxy resins are a family of
monomeric or oligomeric materials characterized by the presence of one or more epoxide
or oxirane groups (Figure 7) [74]. The epoxy resin must be crosslinked with a hardener or
curing agent to convert it into a complex and infusible thermoset network [75]. Curing
can either be homopolymerization initiated by a catalytic curing agent or a polyaddition
reaction with a multifunctional curing agent [75].
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Figure 7. Epoxide structure [73]

Most epoxy-based resins commercially available today are petroleum-based. The
diglycidyl ether of bisphenol A (DGEBA) represents the most common type of epoxy resin
[76]. Approximately 90% of epoxies are synthesized via the reaction of bis(4hydroxyphenylene)-2,2-propane (Bisphenol A (BPA)) and 1-chloroprene 2-oxide
(epichlorohydrin) in the presence of NaOH [77]. DGEBA-based resins are found in various
consumer and industrial applications because of their toughness, strong adhesion, and
chemical resistance [78]. Furthermore, with the aid of a curing agent, epoxy resins have
been used in many applications, such as adhesives, coatings, nonconductor materials, and
composite matrices [79]. Figure 8 shows the structure of the DGEBA.

Figure 8. Representative chemical structure of diglycidyl ether of bisphenol A (DGEBA)

Recent research has shown that BPA can be a source of various adverse health
effects because of its structural similarities to the human hormone estrogen [80]. Because
of the structural similarities between BPA and estrogen (Figure 9), BPA can act as an
endocrine disruptor, resulting in health problems such as diabetes, heart disease, and cancer
[80]. Thus, the development of BPA-free epoxy resin is highly desirable.
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Figure 9. Structural similarities of Bisphenol A (left) and Estrogen (right) [80]

1.4.2 Cardanol-Based Epoxy Resin
Researchers are being encouraged to develop alternative, BPA-free, highperformance epoxies to decrease BPA's toxicity attributes and environmental impacts.
Therefore, researchers are now focusing on synthesizing bio-based epoxy resins from
renewable sources. Cardanol, extracted from cashew nutshell liquid (CNSL), is a
promising renewable source of epoxy resin[81]. CNSL is an agricultural by-product
produced by pyrolysis or supercritical carbon dioxide extraction of the cashew nut shell
[82]. Distillation of CNSL mainly produces cardanol, cardol, and methylcardol, as shown
in Figure 10. Cardanol, being abundant, low cost, and excellent performance, has been
widely used in coatings, adhesives, and plasticizers [82]. Compared to conventional
phenol-based systems, cardanol-based polymers have better processability, hydrocarbon
solubility, and resistance to acids and alkalis [83]. In addition, cardanol exhibits
flexibility due to a long side chain, which also imparts hydrophobicity to the material
[84]. Also, introducing cardanol to a brittle epoxy system increases its flexibility [72].
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Figure 10. Components and products from cashew nut-shell liquid CNSL [82]

Cardanol-based epoxy is synthesized via the reaction of epichlorohydrin in the
presence of NaOH (Figure 11) [85]. Unnikrishnan et al. [86] epoxidized cardanol using
epichlorohydrin in the presence of caustic soda catalysts at different reaction intervals. The
authors blended the epoxidized cardanol with commercial BPA epoxy resins (DGEBA)
and cured the resins using a room-temperature amine hardener. The cured blends are more
flexible and less brittle than pure commercial BPA-based epoxy resins. Jaillet et al. [87]
cured epoxidized cardanol with isophorone diamine (iPDA) and Jeffamine D400. Cured
polymers synthesized from these two curing agents result in low glass transition
temperatures because of the long aliphatic chain of cardanol.
Flexible epoxies are more suitable for damping applications because they have
good damping characteristics than other commercially available brittle epoxies [54], [55].
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Although flexible epoxy matrices have high damping capability, they are usually subjected
to high mechanical and tribological loads in dynamic applications. Thus, these matrices
are reinforced with fibers and particulates [88].

Figure 11. Epoxidation of cardanol process [85]

1.5 The Reinforcing Phase
Composites can be classified as fiber-reinforced composites, particle-reinforced
composites, and structural composites based on the type of reinforcement used [17].
Fiber-reinforced composites (FRCs) consist of fibers embedded in a matrix [17]. The
goal of incorporating fibers into a weaker matrix material is to provide strength and
stiffness to the composites [18]. Particle-reinforced composites are subdivided into largeparticle and dispersion-strengthened composites [18]. In large particle-reinforced
composites, the particulate phase is harder and stiffer than the matrix, and the particlematrix interaction is treated at the macroscopic level [18]. On the other hand, in
dispersion strengthened composites, the particle-matrix interaction is treated at the atomic
or molecular level. The particles used have diameters between 0.01 and 0.1 μm [18].
Structural composites are composed of both homogenous and composite materials [18].
Their properties depend on the constituent properties and the geometrical design of the
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various structural elements [18]. The most common structural composites are laminar
composites and sandwich panels [18].
1.5.1 Fibers as the Disperse Phase
Fibers are classified as whiskers, wires, and fibers based on their diameter and
character [18]. Whiskers are very thin single crystals in the form of filaments [89]. They
have a high length-to-diameter ratio, contain very few defects, and possess incredibly
high strengths [89]. Wires have a larger diameter than whiskers and fibers [18]. Typical
wire materials include steel, molybdenum, and tungsten [18]. Fibers have small diameters
and can either be polycrystalline or amorphous. Fibers are commonly used as
reinforcements for most thermosetting polymer matrices [18]. Composites that consist of
a polymer resin as the matrix with high-strength fibers are called fiber-reinforced
polymers (FRPs) [90]. FRPs are becoming a popular alternative to traditional civil
engineering materials such as concrete and steel because they are lightweight, noncorrosive, have high strength and stiffness, and have low cost [91].
The three most commonly used fibers in polymer matrices are glass, aramid, and
carbon [22]. E-glass fibers are the least expensive of all commercially available fibers,
and their tensile strength is very high [22]. However, their modulus is not as high as
carbon or aramid fibers [15]. Glass fibers are excellent insulators because of their low
thermal and electrical conductivity. However, their low electrical conductivity may
sometimes pose problems by causing static charge accumulation and creating
electromagnetic interference [22]. The surface characteristics of glass fibers are essential
because even a small surface flaw can affect the tensile properties [18]. Glass fibers are
very hard and abrasive on cutting tools. Thus, glass FRPs should be cut or machined with
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carbide-tipped or diamond-tipped cutters [22]. Aramid fibers, such as Kevlar and
Nomex, are high-strength, high-modulus polymeric fibers, with modulus values almost
twice that of E-glass fibers [22]. However, their compressive strength is low, so these
fibers are not selected for applications involving high compressive stresses. Also, aramid
fibers are not thermally stable above 160 °C [22]. Carbon fibers have the highest specific
modulus and strength of all reinforcing fiber materials [18]. Carbon fibers are more
expensive than glass fibers but have lower density and higher tensile modulus [22]. They
are very thermally stable and retain high tensile modulus and high strength at elevated
temperatures [18]. At room temperature, carbon fibers are not affected by moisture or a
wide variety of solvents, acids, and bases [18].
In this dissertation, RCFs will be used as reinforcement for the cardanol-based
epoxy matrix. The characteristics of the short carbon fiber reinforced composites are
discussed in the following chapter.
1.5.1.1 Fiber-Matrix Interface in Polymer Composites. The fiber-matrix
interface influences the mechanical characteristics of fiber-reinforced composites [92].
Fiber reinforcement is useful only if there is an excellent interfacial bond between the
matrix and the fibers such that the applied load received by the matrix phase is transmitted
to the fiber phase [18]. Insufficient bonding between the matrix and the reinforcements
leads to the formation of voids at the interface. Also, insufficient bonding lowers the
mechanical properties of the composites [93]. However, a strong bond at the fiber-matrix
interface reduces the fracture toughness and damping characteristics of the composites
[94].
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In fiber-reinforced composites, interfacial adhesion can be attributed to primary
mechanisms, including adsorption and wetting, and chemical and mechanical bonding
[95]. Bonding due to wetting involves interactions of electrons on an atomic scale. Good
wetting of the fiber by the matrix is essential for adequately consolidating composites [96].
Chemical bonding is a bond between the chemical group on the fiber surface and another
compatible chemical group in the matrix [97]. Finally, mechanical bonding is the microlevel mechanical interlocking of the fiber and the matrix surfaces influenced by their
topography, morphology, roughness, and wettability [98].

The interlocking can be

promoted by increasing fiber surface roughness or carbon surface area [96].
Different surface treatments and sizings are performed on carbon fibers to improve
the adhesion between the newly manufactured carbon fibers and the matrix in a composite.
Oxidative and non-oxidative treatments are the two types of carbon fiber surface treatments
[96]. Oxidative treatment methods include liquid-phase oxidation and gaseous oxidation,
while non-oxidative treatment includes whiskerization, plasma, plasma polymerization,
and pyrolytic carbon deposition [94]. Sizing is another method to increase the fiber-matrix
interfacial bond. Sizing is a thin polymer coating applied to the surface of carbon fibers to
promote fiber wettability, alignment, and protection [99].
Several micromechanical testing methods were developed to measure the fibermatrix interface strength. Direct methods of testing include the single-fiber pull-out test
[100], fiber bundle push-out test [100], single fiber fragmentation test [101], and micro
indentation push-in test [102]. Indirect methods of determining interlaminar shear strength
(ILSS) include the short-beam shear strength test (SBSS), flexural test, and double-notched
compression test [92].
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1.5.1.2 Influence of Fiber Orientation. Fiber orientation is a parameter that also
influences the mechanical behavior of fiber-reinforced composites [18]. Based on the form
and distribution of fibers, fiber-reinforced composites can be classified as continuous (long
fibers) and discontinuous (short fibers) (Figure 12) [24]. Continuous fibers can be
unidirectional, bidirectional, and multidirectional. When maximum achievable stiffness
and strength are desired, continuous fibers are used [103]. However, the manufacturing
process is costly and slow [103]. Also, unidirectional fibrous composites are inherently
anisotropic, and the reinforcement is approximately zero in the transverse direction, which
means that the composite will fracture even with low stress applied in the transverse
direction of the fibers [18]. Thus, bidirectional and multidirectional composites are
fabricated when the composites are subjected to multidirectional stresses. However, these
types of reinforcement are generally expensive [103].

Fiber-Reinforced Composites

Continuous Fibers
(Long Fibers)

Unidirectional

Bidirectional

Discontinuous Fibers
(Short Fibers)

Multidirectional

Unidirectional

Random

Figure 12. Classification of composites based on the form and distribution of fibers [24]
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Composite applications involving multidirectional stresses typically use
discontinuous fibers in the matrix material [18]. These discontinuous short, randomly
oriented fibers are used to lower the manufacturing cost of the composites [24], [104].
Composites using short random fibers give isotropic properties in any plane direction
[105]. However, the properties of such composites are usually lower than those of
continuous unidirectional fiber-reinforced composites when the load is applied in the
longitudinal direction of the fibers [103].
When processing short-fiber composites, a continuous and progressive orientation
of individual fibers occurs [106]. Changes in fiber orientations are related to the fibers'
geometrical properties, the matrix viscoelastic properties, and the change in the shape of
the material produced by the processing operation [106]. In this processing operation, the
polymer melt experiences both extensional and shear flow, and the effect of these flows
on the fiber orientation is shown in Figure 13 [105]. During these extensional and shear
flows, the fibers rotate towards the direction of the flow.
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(a)

(b)

(c)
Figure 13. Schematic of the changes in fiber orientation during flow: (a) initial random
distribution, (b) rotation during shear flow, and (c) alignment during elongational flow
[105]

1.5.1.3 Elastic Behavior of Fiber Reinforced Composites Continuous and
Aligned Fibers – Longitudinal Tensile Loading. According to the literature [89], the
most efficient reinforcement is provided by the fibers aligned in the direction of the
applied load, assuming that: (1) the fibers are uniformly distributed throughout the
matrix, (2) there is a very efficient interfacial bond between the matrix and the fibers such
that deformation of both matrix and fibers is the same, (3) the matrix is free of voids, (4)
the load is applied in the longitudinal direction of the fibers, (4) the composite is initially
stress-free, and (5) both fibers and matrix behave as linearly elastic materials [18], [29].
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In unidirectional composite loading, strain in fiber and strain in the matrix can be
assumed equal to the overall composite strain, provided that good bonding between fiber
and matrix is established. In equation form:

𝜀𝑐 = 𝜀𝑚 = 𝜀𝑓

(1)

The suffixes c, m, and f correspond to the composite, matrix, and fibers.
Under these conditions, the total load sustained by the composite (Fc) is equal to
the sum of the loads carried by the matrix (Fm) and the fibers (Ff). In equation form:

𝐹𝑐 = 𝐹𝑚 + 𝐹𝑓

(2)

Since force (F) = stress () x area (A), equation 2 can be rewritten as,

𝜎𝑐 𝐴𝑐 = 𝜎𝑚 𝐴𝑚 + 𝜎𝑓 𝐴𝑓

(3)

Assuming that the length of the components is the same as that of the composites,
such that,

𝐴𝑚
= 𝑉𝑚 ,
𝐴𝑐

𝐴𝑓
= 𝑉𝑓 ,
𝐴𝑐

𝑉𝑚 + 𝑉𝑓 = 1

(4)

where V stands for volume fraction. Substituting equation (4) to equation (3), we
have,

𝜎𝑐 = 𝜎𝑚 𝑉𝑚 + 𝜎𝑓 𝑉𝑓

(5)

If the composite, matrix, and fiber deformations are all elastic, then c/c = Ec,

m/m = Em, and f/f = Ef, where E refers to the modulus of elasticity for each phase.
Thus, the modulus of elasticity of a continuous and aligned fibrous composite with the
load applied in the longitudinal direction (Ec) is expressed as,

𝐸𝑐 = 𝐸𝑚 𝑉𝑚 + 𝐸𝑓 𝑉𝑓
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(6)

This equation is known as the rule of mixture [18].
1.5.1.4 Elastic Behavior for a Discontinuous and Randomly Oriented-Fiber
Composite. For discontinuous and randomly oriented fibers in a composite, the rule of
mixture equation is expressed below,

𝐸𝑐 = 𝐸𝑚 𝑉𝑚 + 𝐾𝐸𝑓 𝑉𝑓

(7)

where K is a parameter that accounts for the randomness and discontinuity of the
fibers. K is equal to 0.375 for fibers randomly and uniformly distributed within a specific
plane; the stress direction is any direction in the plane of the fibers.
1.5.1.5 Influence of Fiber Length. The mechanical characteristics of fiberreinforced composites are influenced by the properties of the fibers and how efficiently the
matrix transfers the stress to the fibers. Fiber reinforcement is useful only if there is an
excellent interfacial bond between the matrix and the fibers [18]. For composites using
discontinuous fibers as reinforcements, the mechanism of load transfer is different from
composites with continuous fibers [103]. Under applied stress, this fiber-matrix bond
ceases at the fiber ends, and there is no load transmittance from the matrix at each fiber
extremity [18]. At the fiber ends, the matrix yields a matrix deformation pattern, as shown
schematically in Figure 14, which means that for short fibers to achieve efficient load
carrying capacity, a critical fiber length (lc) is necessary to strengthen composite materials
[41] effectively, when the fiber length, l, increases (l>lc), the fiber reinforcement becomes
more effective [18].
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Figure 14. Deformation pattern of the matrix surrounding a fiber that is subjected to a
tensile load [18]

1.5.2 Carbon Fibers
Carbon fibers are popular reinforcements for polymer matrices because of their
very high modulus, high tensile strength, low density, and chemical inertness [107].
Carbon fibers in the commercial market today are made from a polymer precursor
polyacrylonitrile (PAN) [15] or derived from pitch or mesopitch, the semisolid residue of
crude oil distillation [108]. The production process of carbon fibers from PAN is shown
in Figure 15. The process starts with spinning the precursor PAN and stabilizing the spun
fibers under an air atmosphere [109]. During the stabilization (also known as oxidation)
process, the linear PAN molecules are first converted to a cyclic structure [110].
Stabilization aims to align the PAN-based carbon structures in forming N-containing
ladder-type polymers [111]. This process allows further processing at higher
temperatures. After stabilization, the stabilized fibers are carbonized in an inert
environment (N2) to more than 1,500 °C under slight tension for a period of a few
minutes [110], [112]. During the carbonization process, non-carbon elements are
released, and stabilized ladder structures are converted into a more well-ordered
30

structure, with the applied tension ensuring a higher alignment of the (002) basal planes
[112]. Then, to improve the ordering and orientation of the basal planes in the fiber axis
direction, the fiber can be graphitized at up to 3000 °C [111]. Graphitization allows the
fiber to achieve higher carbon content and Young’s modulus in the fiber direction [110].

Figure 15. Representative production process of carbon fibers from PAN

The atomic structure of carbon fibers consists of carbon atom layers (graphene
sheets) arranged in a regular hexagonal pattern [110]. The layer planes in the graphitic
crystalline regions are parallel (Figure 16). The atoms in a plane are covalently bonded
through sp2 bonding, while the bonding interactions between the sheets are by Van der
Waals forces. The d-spacing between two graphene layers (d002) is about 0.335 nm [110].
Puch et al. [113] reinforced Nylon 6 with randomly oriented short carbon fibers and a multiwalled carbon nanotube. The authors found that Young's modulus and the tensile strength
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of both composites increase with increasing total carbon fiber volume. In addition, Young's
modulus and tensile strength of Nylon 6 reinforced with multi-walled carbon nanotubes
are higher than composites reinforced with randomly oriented short carbon fibers.

Figure 16. Ideal structure of graphitic crystals of carbon fibers

Because of the attractive properties of carbon fibers, the demand for carbon fibers
from the aerospace, defense, automotive, and wind energy industries continues to grow.
As a result, the carbon fiber market is projected to grow from $4.7 billion in 2019 to
$13.13 billion by 2029 [114].

However, the high cost of carbon fibers limits their

industrial applications [115]. For example, carbon fibers obtained from polyacrylonitrile
(PAN) cost approximately USD 90 per kilogram in aerospace applications [116]. In
addition, the cost of fabricating CFRPs is high because the manufacturing process
requires advanced technical equipment. It is estimated that 30-40% of carbon fibers are
converted to manufacturing scraps, cut-offs, and rejects [117]. Also, CFRPs disposed of
in landfills have the potential to release toxic byproducts into the environment.
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1.5.3 Recycled Carbon Fibers
An alternative to commercial carbon fibers is recycled carbon fibers. The growing
concern about CFRPs waste management and the high cost of carbon fibers drives
researchers to manufacture composites from RCFs. Recycling CFRPs to recover the
fibers from waste can increase the overall sustainability of carbon fibers. It is estimated
that recycling carbon fibers from CRFP wastes can be done at approximately 70% less
cost and using less than 5% of the electricity required to produce CCFs [118].
Mechanical recycling, chemical processes, and thermal treatments are the three
technologies used to recycle CFRPs [119]. In mechanical recycling, the size of the CFRP
waste is reduced [115]. In chemical processes, the polymer matrix is cracked into low
molecular weight compounds [120], dissolved in solvents [121], or extracted by
supercritical fluids [122]. Thermal treatments include pyrolysis, gasification, and fluid
bed [123]. Pyrolysis is a thermal treatment and the most widespread and mature
technology to recover carbon fibers from CFRP wastes [117], [124]–[128] and involves
the thermal decomposition of organic molecules in an inert atmosphere (e.g., N2 or Ar)
and the absence of oxygen [15]. Pyrolysis volatilizes the polymeric matrix into lowerweight molecules while the carbon fibers remain inert and eventually recovered [15].
Mazzocchetti et al. [129] recovered carbon fibers from waste CFRPs by pyrolyzing the
waste CFRPs to 500 °C for 1 hour. After pyrolysis treatment, the authors subjected the
reclaimed carbon fibers to a post-treatment in an oxidative atmosphere at 500 °C for 1
hour to remove the char at the surface of the fibers. Greco et al. [123] subjected the RCFs
to thermal and acid treatments to modify the surface morphology and chemistry of the
RCFs. Chemical treatment by nitric acid results in minor damage to fibers, surface
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chemistry modification, and improved fiber/matrix adhesion properties. Meshoyrer et al.
[130] used CCFs and RCFs to reinforce polyetherketone (PEEK). The differential
scanning calorimetry (DSC) analysis showed that RCF-PEEK has similar thermal
behavior to CCF-PEEK. Mechanical testing showed that the flexural modulus of RCFPEEK was higher than that of CCF-PEEK. However, CCF-PEEK absorbed more energy
upon impact than the brittle RCF-PEEK.
In this dissertation, RCFs will be used as reinforcements for cardanol-based epoxy
resin. CFRP wastes being processed for pyrolysis come in various shapes and sizes, such
that the recovered RCFs will also come in different shapes and lengths, as shown in
Figure A1a-b. The RCFs recovered in shorter lengths cannot be reused in the same
applications as the original CCFs. Thus, the RCFs were downsized for this research to
approximately 1-inch in length. Furthermore, for damping composite applications,
discontinuous short fiber reinforcements have a higher damping capacity than long fiber
reinforcements due to the presence of more fiber ends. Also, weak interfacial bonding
between the matrix and the fibers tends to dissipate more energy than composites with
good interfacial adhesion between the matrix and the fibers [52]. Finally, debonding can
increase the stick-slip friction under forced cyclic loadings, giving better damping
properties [52], [131].
1.5.4 Particles as the Dispersed Phase
The main benefit of using particles as the dispersed phase in composites is their
low cost and ease of production compared to fiber-reinforced composites [19]. Particle
reinforcement is less effective in strengthening than fiber reinforcement. However, it can
increase the strength, modulus, stiffness, and toughness of the matrix [3,17]. For effective
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reinforcement, the particles should be small and evenly distributed throughout the matrix
[18]. Furthermore, the volume fraction of the matrix and particles influence the behavior
of the composites.
Epoxy matrices are reinforced by incorporating inorganic particles such as ZrO2,
SiO2, Al2O3, short chopped carbon fibers, and nanoclays, and thus, enhancing mechanical
and thermal properties [17–21]. If the inorganic particles are small and have excellent
interfacial bonding with the matrix, the particles can increase the modulus and fracture
toughness of the composites [138]. Organic-based particles can also be used to improve
the properties of epoxy matrices. Rubbers, thermoplastics, or organically-modified
graphene have been used to improve toughness properties. However, it could also
increase or decrease the modulus and strength of the composites [22–25].
1.5.5 Pyrolyzed Tire Particles (PTPs)
PTPs provide another opportunity to utilize sustainable materials. It is estimated
that over 1.6 billion tires are produced worldwide yearly, around 1 billion of which will
eventually end up as waste tires [142]. One of the most significant challenges today is
the disposal or recycling of solid waste from end-of-life tires (ELTs) [143]. The
management of ELTs is of great importance due to the significant environmental impact
that they cause. Recycling waste tires is challenging because of their highly complicated
structure and variable composition of raw materials [144]. Tires are made of rubber (6065 wt%), carbon black (CB), accelerators, and fillers [144]. The rubbery materials are
present in the form of CxHy and are considered thermoset polymers [145]. Because of
this complicated structure, tires can withstand harsh mechanical and weather conditions
such as ozone, light, and bacteria [144]. Initially, landfill disposal was chosen by many
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countries as an option for managing ELTs [146]. However, ELTs occupy a considerable
volume of landfills and, without proper management, can lead to fire, toxic products, and
health hazards [146]. Other options for managing ELTs are retreading, recycling, and
combustion. In addition, conversion into liquid fuels has been investigated, including
gasification, hydrothermal liquefaction, and energy recovery [143], [147], [148].
However, several disposal techniques present drawbacks [148]. For example, retreading
can only be performed on entire rubber carcasses [148]. Energy recovery can lead to the
production of polluting emissions [149]. Also, ELT combustion is a destructive process,
and its emissions (dioxins, polyaromatic compounds, and particulate matter) are
unfavorable to the environment and human health [144], [150], [151].
An environmentally friendly process of transforming ELTs into valuable products
is pyrolysis [149], [152], [153]. Pyrolysis is a process that involves the thermal
decomposition of organic materials into simpler components at a temperature of around
300 °C - 900 °C in a non-oxidative condition [147]–[149], [152], [154], [155]. The ELTs
are decomposed into valuable pyrolysis products: pyrolysis oil, gas, and solid residue
[148], [149]. The pyrolysis oil can be used directly as fuel or chemical feedstock [156].
The pyrolysis gases are composed of C1-C4 hydrocarbons and hydrogen with high
calorific value and sufficient energy content. Therefore, the gases can act as fuel to
provide heat for the pyrolysis process [156]. The solid residue consists of steel wires and
pyrolyzed tires (char). Figure 17 shows the pyrolysis process of ELTs [148].
Pyrolyzed tires are valuable products of waste tire pyrolysis, with conversions
ranging from 22 to 49% by weight [155]. It is a carbonaceous residue suitable for solid
fuel or low-grade carbon black applications [149]. Pyrolyzed tires are used in the cement
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and fertilizer industries [155] and reinforcements in the rubber industry [157]. Giorgini
et al. [148] recovered pyrolyzed tires by subjecting the whole ELTs to pyrolysis at 500
°C at a rate of 8 °C/min for 150 mins. The recovered pyrolyzed tires have a specific
surface area, SSA = 63.7 m2/g, gross heating value, GHV = 7900 kcal/kg, and net heating
value, NHV = 7700 kcal/kg [148]. The proximate analysis results show that the
pyrolyzed tires have a moisture content of 1.0 wt%, volatile matter content of 1.5 wt%,
and ash content of 9.5 wt%. Table 1 shows the elemental compositions of the recovered
pyrolyzed tires that were determined by (a) X-ray fluorescence (XRF) spectra and (b)
CHN-O/S analysis.

STEEL
SOLID
RESIDUE
CHAR
(Pyrolyzed Tires)
ELTs

PYROLYSIS
(at T =500°C)
OIL
GAS
PYROLYSIS GAS

Figure 17. Representative pyrolysis process of ELTs [148]
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Table 1
Elemental Composition of the Pyrolyzed Tire Particles (PTPs) [148]
XRF Spectra
Element
Zn
S
Mg
Al
Si
K
Ca
Ti
Fe

CHN-O/S Analysis
Element
wt%
C
85.5
H
3.3
N
0.4
O
4.9
S
2.5

wt%
3.73
2.67
0.07
0.05
0.31
0.08
0.16
0.02
0.03

1.5.6 Pyrolyzed Tire Particles as Reinforcements for Cardanol-Based Epoxy Resin
The increasing environmental awareness and depletion of fossil resources have
significantly increased sustainable and green materials research. Cardanol extracted from
cashew nutshell liquid (CNSL) is a desirable renewable source of epoxy resin [81].
Cardanol is used in coatings, adhesives, plasticizers, and composite applications [82].
However, due to the long aliphatic chain of cardanol [87], cured cardanol epoxy resin
exhibits poor mechanical properties compared to the commercially available BPA-based
epoxy.
The properties of epoxy resins can be altered by adding various modifiers [158].
A common method to improve the mechanical and thermal properties of the resin is by
introducing particles, including rubbers, thermoplastics, silica nanoparticles, core-shell
particles, and nano clay. [138], [159]. Particle reinforcements are extensively used to
enhance the properties of matrix materials, including: increased thermal and electrical
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conductivities, lowering friction, increased wear and abrasion resistance, improved
machinability, increased surface hardness, increased compressive property, and
dimensional stability [160].
For this work, PTPs will be utilized as another potential sustainable material for
damping applications. PTPs will be incorporated into the cardanol-based epoxy resin to
determine its effect on the thermal, thermomechanical, mechanical, and damping
properties of the resin. The characteristics of the fabricated composites are discussed in
the following chapter.
1.6 Dissertation Summary
In this dissertation, composites that utilize waste materials (i.e., CFRP wastes and
ELTs) were developed and characterized to fundamentally understand the structureproperty and processing relationship of the assembled composites. This dissertation
primarily aims to show that using recycled carbon fibers and pyrolyzed tire particles
as reinforcement for cured epoxy resins could produce environmentally sustainable,
high-performance, lightweight composites suitable for automotive applications.
However, this dissertation does not include sustainability measurements, life cycle
analyses, or toxicity tests of the fabricated composites. Also, optimizing the composite
fabrication processing energy uses is beyond the scope of this work. Chapter 2 of this
dissertation summarizes and discusses the general principles of the characterization
techniques used in this work. Chapter 3 discusses the specific experimental procedures
used in this work. Chapter 4 shows the results of the characterization techniques and
discusses the applicability of using materials from wastes (cardanol-based epoxy resin,
RCFs, and PTPs) as replacements for traditional petroleum-based and expensive
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composite components for damping applications. Finally, the dissertation concludes with
Chapter 5, which details the conclusions of this work and recommendations for future
work.
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Chapter 2
Characterization Methods
2.1 Introduction
This chapter discusses the general principles of the characterization techniques
used in this work, but the specific experimental procedures will be discussed in later
chapters. The following characterization techniques are discussed in this chapter: density
measurements, particle density measurements, Fourier transform infrared (FTIR)
spectroscopy, thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), rheology, dynamic mechanical analysis (DMA), Raman spectroscopy, single
filament tensile testing of fibers, tensile testing, compression testing, hysteresis testing,
flexural testing, and scanning electron microscopy (SEM).
2.2 Density Measurements
Density is the mass of the material per unit volume, which is measured according
to the ASTM D792 [37]. The density of a material is determined by weighing the
material in the air. The material is weighed again while suspended on a wire and
immersed in a liquid. The density  of the sample is calculated using Equation (8).

𝜌=

𝑊𝑖𝑛 𝐴𝑖𝑟 𝑋 𝜌𝑙𝑖𝑞𝑢𝑖𝑑
𝑊𝑖𝑛 𝐴𝑖𝑟 − 𝑊𝑖𝑛 𝐿𝑖𝑞𝑢𝑖𝑑

(8)

where the Win Air, Win Liquid, and Liquid are indicated as sample weight in the air,
sample weight when submerged in liquid, and density of the liquid at the temperature at
which the measurements are performed, respectively.
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2.2.1 Particle Density
Density is a physical property of a material and is defined as the ratio of mass of
the mass of a material to its volume [161]. The density of a powder cample can be
determined using a simple wet pycnometer [162]. The powder sample should not
dissolve in the working fluid. The density is determined using a pycnometer in which the
sample displaces water or other liquids with known density (L)[163]. To perform the
density test, the weight of the empty dry pycnometer (Wp) is determined first. Then,
approximately 1 gram (approximately 1/3 of the volume of the pycnometer) of particles
(Ws) is placed in the pycnometer. The weight of the pycnometer + particles is determined
(Wp+Ws). The pycnometer is filled with heptane before the brim and carefully swirled to
ensure complete wetting of the particles. The pycnometer is then filled with heptane to
the brim, capped, and the overflow liquid is wiped off prior to weighing to determine its
total weight (WT = Wp+Ws + WL). The particle density (s) is calculated using Equation
(9).

𝜌𝑠 =

𝑊𝑠
𝑉𝑠

(9)

where Vs = volume of the particles.
2.3 Fourier Transform Infrared (FTIR) Spectroscopy
Fourier transform infrared spectroscopy (FTIR) is used to identify the functional
groups in materials using a beam of infrared radiation [5–7]. A spectrophotometer is an
instrument that determines the absorption spectrum of materials [166]. When taking the
IR spectra of materials, the spectrophotometer produces a beam of IR irradiation [166].
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The beam passes through an interferometer to perform spectral encoding, and as a result,
a constructive and destructive interference called interferogram is created. The beam
then enters the sample compartment, and the sample absorbs specific energy frequencies.
As a result, the spectrophotometer gives a spectrum that can be designated as %
absorption or transmittance versus wavenumber (cm-1).
In this dissertation, near-IR spectroscopy operating in an absorbance mode
(Thermo Scientific Nicolet iS50 FTIR) was used to determine the extent of cure of the
resin. The oxirane ring of the epoxy was measured at wavenumber 4530 cm−1, and the
amine peaks were measured at wavenumber 5000 cm−1. The peaks at ∼5900 cm−1 were
chosen as the internal standard because these peak were not affected by the
polymerization. The near-IR spectra of the uncured and cured resin were determined in
triplicates. The extent of cures X(Epoxy) and X(Amine) were computed using Equations
(10) and (11), respectively.
(
𝑋(𝐸𝑝𝑜𝑥𝑦) =

(
𝑋(𝐸𝑝𝑜𝑥𝑦) =

𝐴𝐵𝑆 4530𝑐𝑚−1
𝐴𝐵𝑆 4530𝑐𝑚−1
)
(
)
−
𝐴𝐵𝑆5900𝑐𝑚−1 𝑈𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝐴𝐵𝑆5900𝑐𝑚−1 𝑅𝑒𝑎𝑐𝑡𝑒𝑑
−1
𝐴𝐵𝑆
( 𝐴𝐵𝑆 4530𝑐𝑚−1 )
5900𝑐𝑚
𝑈𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑

(10)

𝐴𝐵𝑆 4530𝑐𝑚−1
𝐴𝐵𝑆 4530𝑐𝑚−1
)
(
)
−
𝐴𝐵𝑆5900𝑐𝑚−1 𝑈𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝐴𝐵𝑆5900𝑐𝑚−1 𝑅𝑒𝑎𝑐𝑡𝑒𝑑
−1
𝐴𝐵𝑆
( 𝐴𝐵𝑆 4530𝑐𝑚−1 )
5900𝑐𝑚
𝑈𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑

(11)
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2.4 Rheology
Rheology is a study that describes the deformation of a material and flow of
matter under the influence of stresses [167]. For polymers, rheological measurements are
used for (a) quality control of raw materials and the manufacturing process of products
and (b) predicting material performance [167]. Rheology describes the deformation of
solid-like materials, flow of liquid-like materials, and behavior of viscoelastic materials.
Shear flow and extensional flow are two types of flow [167]. In shear flow, the fluid
components shear past one another, while in extensional flow, the flow is extensional,
and there is no shear [168]. This dissertation focuses on shear flow. Shear flow can be
described in Figure 18. Two parallel planes, with area A each, are separated by a distance
d, and the space between the two plates is the sheared liquid. A shear force must act on
the upper plate for shear flow to occur. Then, the upper plate moves with a relative
velocity, v, and the bottom plate is stationary. The length of the arrows between the
planes is proportional to a velocity, vx, in the liquid.

A

F

d

vx

y
v=0

x

Figure 18. Representation of the viscous flow of a fluid in response to an applied shear
force
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The force per unit area required to cause motion is F/A and is denoted by  and is
proportional to the velocity gradient or shear rate (𝛾̇ ). The constant of proportionality is
called the coefficient of viscosity (𝜂) which is a quantitative measure of the internal fluid
friction [168]. In equation forms [169]:

𝐹
𝐴

(12)

𝜎 = 𝜂𝛾̇

(13)

𝑑𝛾
𝑑𝑡

(14)

𝜎=

𝛾̇ =

where 𝜎 is the shear stress (Pa), F is the force (N), A is the area (m2), 𝜂 is the
viscosity (Pas), and 𝛾̇ is the shear rate (s-1). A liquid is called Newtonian when the ratio
of shear rate and shear stress is constant, and a liquid is non-Newtonian if the shear stress
varies with linear changes in shear rate [170].
In this dissertation, rheological characterization was performed to determine the
viscosity of the uncured matrix, and uncured particle reinforced composites. The
viscosity was determined using a TA Instruments Discovery HR-2 Rotational Rheometer
using a 1°, 40 mm geometry at 25 °C and 35 °C. The shear rate was ramped
logarithmically from 1 to 100 s-1 (increasing shear rate) and 100 to 1 s-1 (decreasing shear
rate). Specific operating parameters are described in the following chapter.
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2.5 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is an analytical technique used to determine
the thermal stability of materials [171]. TGA measures the change in mass of a sample
as it is heated at a constant rate or held at a constant temperature in an inert or oxidative
atmosphere [170]. The result of the TGA measurement is displayed as a TGA curve in
which the percent weight loss is plotted against temperature or time [172]. Another
presentation is to use the rate at which the mass changes with respect to temperature or
time, known as the differential thermogravimetric or DTG curve [172]. Mass changes
when a sample loses or even gains material or reacts with the surrounding atmosphere.
These changes can be caused by: (1) evaporation of volatile materials, drying, and
desorption and adsorption of gases, (2) oxidation of materials in air or oxygen, (3)
thermal degradation in an inert atmosphere, (4) heterogeneous chemical reaction, and (5)
uptake or loss of water in a humidity-controlled experiment [172].
The morphology of a sample affects the diffusion rate of reaction products, their
course of reactions, and the heat transfer within the sample [172]. Therefore, several
factors should be considered when preparing samples for TGA: (1) the sample should
represent the material being analyzed, (2) the mass of the sample should be adequate, (3)
the sample should be changed as little as possible during the preparation process, and (4)
the sample should not be contaminated during the preparation process [172].
In this dissertation, samples of approximately 5-10 mg were analyzed using a TA
Instruments Discovery Series Thermogravimetric Analyzer (TGA) 550 in nitrogen and
air conditions (25 ml/min sample gas flow and 40 ml/min purge gas flow). The testing
temperature range is varied and is discussed in the following chapter.
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2.6 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) is a thermal analysis technique that
measures the difference in the amount of heat required to raise the temperature of a
sample relative to a known reference sample [171]. At the same time, they are also
subjected to a controlled temperature [171]. Heat flow is the main property measured by
DSC. Heat flow is the flow of energy into and out of a sample and is usually measured in
Watts (W) or Watts/gram (W/g) [172]. Two different conventions can be used to describe
the heat flow: first is an endotherm in the downward direction, and the exotherm in the
upward direction [172]. To perform DSC, a small amount of sample (5-10 mg) is
weighed into an inert pan. The enclosed sample is placed in the sample platform of the
equipment. In the attached computer module, a temperature program is selected. The
most common scan rate is 10 °C/min, but other scan rates from 0.001 and 500 °C/min are
also used for a specific type of test [172]. DSC can measure the heat capacity, the heat of
transition kinetic data, purity, glass transition temperature, melting temperature, etc of a
sample. [173]. The result of a DSC experiment is a DSC curve that shows a heat flux
versus temperature or time, with conventions that can either be exothermic or
endothermic [174].
In this study, a TA Instruments Discovery DSC 2500 with N2 furnace atmosphere
was used to investigate the glass transition temperature (Tg) of the resins . DSC is
performed by placing 5-10 mg samples in an aluminum pan. Next, the aluminum pan is
loaded into a furnace with a reference pan (empty aluminum pan). The sample and the
reference pan are heated at specific ramp rates and maintained at the same temperature.
The difference in energy required to keep them at the same temperature is measured and
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plotted as a DSC curve. Also, in this dissertation, the Tg was taken as the temperature at
the midpoint of the step in the heat flow curve. Specific details of the DSCs run are
discussed in the following chapter.
2.7 Raman Spectroscopy
Raman spectroscopy is a technique used to measure the vibrational modes of
molecules [175]. Raman spectroscopy is concerned with the change in frequency when
light is scattered by molecules [176]. Raman scattering is a two-photon event where the
property involved is the change in the polarizability of the molecule with respect to the
vibrational motion [176]. Spectral lines produced by Raman scattering correspond to the
different vibrational modes of the sample material or molecule [177]. For example, if the
frequency of the incident light is vo and the frequency incident of the scattered light is vr,
then the frequency shift (v) is vr – vo. The change in frequency may be positive or
negative, and the magnitude is referred to as Raman frequency [176]. The frequency
shift, v, is equivalent to the energy change, v/h, and is expressed in terms of
wavenumbers instead of frequencies. The set of Raman frequencies of the scattering
species is called the Raman spectrum [176]. The Raman spectrum contains several
components due to the different directions the light scatters from the sample [176].
In this work, the Raman spectra of carbon fibers (commercial, recycled, and
chemically treated) were recorded using Olympus TH4-100 equipped with a microscope
(20x, 50x, and 100x objectives). The laser light source and grating used were 660 nm and
660 T, respectively.
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2.8 Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) is a thermomechanical analysis technique
that measures the viscoelastic behavior of materials under a sinusoidal force with very
small amplitudes [171]. DMA utilizes a sinusoidal strain (or stress) applied to a sample at
a given temperature or frequency, and the response of the material is measured (strain or
stress) (Figure 19) [178]. The stress will be a sinusoidal function in phase with the strain
for an ideal elastic material. The stress is shifted by a phase angle ( = 90 with the strain)
for ideal viscous materials. While for viscoelastic materials, the stress is shifted by a
phase angle of 0° < δ < 90° with the strain [178], [179]. The applied force, or strain, ε,
stress response, σ, and modulus (E) can be written as:

𝜀(𝑡) = 𝜀0 ∙ sin (𝜔𝑡)

(15)

𝜎(𝑡) = 𝜎0 ∙ sin (𝜔𝑡 + 𝛿)

(16)

𝐸=

where 𝜔 is the frequency.
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𝜎0
𝜀0

(17)

Figure 19. DMA sinusoidal stress-strain response curves for elastic, viscous, and
viscoelastic materials illustrate the phase shift [179]

DMA measures the storage modulus, loss modulus, and the damping factor, tan .
The storage modulus, E', measures the elastic behavior of materials associated with
stiffness [180]. The loss modulus, E", measures the viscous response of materials as the
sinusoidal force is applied [181]. Tan  represents damping, and it is the ratio of the loss
modulus to the storage modulus [181]. The parameters, E', E", tan , and E* (complex
modulus) can be calculated using the equations below:
𝐸′ =

𝐸" =

𝜎𝑜
cos (𝛿)
𝜀𝑜
𝜎𝑜
𝜀𝑜

sin (𝛿)

𝐸 ∗ = √(𝐸 ′ )2 + (𝐸 " )2

tan 𝛿 =

50

𝐸"
𝐸′

(18)

(19)

(20)

(21)

This dissertation determined the viscoelastic properties of materials using a TA
Instruments Q800 DMA. The test was performed at a frequency of 1.0 Hz, a deflection
amplitude oscillation of 7.5 μm, and a Poisson's ratio of 0.35. DMA samples with
dimensions of 35 x 11 x 1.5 mm3 were prepared and tested using a single cantilever setup. A heating rate of 2 °C/min with a temperature range of testing varied for each
material determined the storage modulus (E') at 25 °C, loss modulus (E"), and Tg at E"
peak and tan  peak.
2.9 Single Filament Tensile Testing of Fibers
Fibers are the principal load-carrying component in fiber-reinforced composites
[182]. The characteristics of the fiber influence the mechanical and damage properties of
the composite fabricated from it. Thus, understanding the mechanical properties of fibers
enables the understanding of the composite's micromechanical properties [183]. Due to
the small fiber diameter, single fiber filament testing is complex due to the damage that
happens when doing the tensile test. Thus, the fiber filament is mounted on a slotted
paper/cardboard tab, as shown in Figure 20. The slot length is equal to the gage length,
and the fiber filament is glued at both ends of the slot, as shown in Figure 20. Before
starting the test, the paper is cut from the middle of the slot.
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Figure 20. Preparation of single fiber filament for tensile testing

In this dissertation, single fiber tensile strengths were determined using a
Shimadzu AG-IC Testing Machine with a 50 N load cell. Individual fiber strands were
randomly chosen and mounted into a paper frame following the dimensions indicated by
ASTM D3379. The tensile load was applied at a crosshead speed of 0.25 mm/min. A total
of 30 samples for each type of fiber were tested.
2.10 Tensile Testing
Tensile testing is a destructive test that determines the mechanical behavior of a
material when an axial load is applied [184]. Tensile tests are performed using universal
testing machines to obtain material properties like tensile strength (), tensile strain (),
Young's modulus (E), toughness, and other mechanical properties [185]. The tensile
(Young’s) modulus indicates the relative stiffness of a material [170]. For plastics or
polymers, the tensile specimens are prepared following the specimens described by
ASTM D638 and ASTM D303 (Figure 21). The specimen has an enlarged section or
shoulder for gripping and a gage section. The gage section cross-sectional area is
reduced, so deformation and failure will happen in this section. The gage length, where
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measurements are made, is centered within the reduced section. A tensile test involves
mounting the specimen in a tensile testing machine and subjecting it to tensile forces.

Figure 21. Tensile specimen, showing a reduced gage section and enlarged shoulders: W
is the width of the narrow section, L is the length of the narrow section, WO is the overall
width, LO is the overall length, G is the gage length, D is the distance between grips, R is
the radius of fillet, and RO is the outer radius

The tensile test result is a plot of the stress versus strain and is used to select
materials for engineering applications [185]. The tensile strength, tensile strain, and
tensile modulus are calculated according to Equations (22) - (24), respectively.

=

=

𝐹
A

𝐿 − 𝐿𝑜
𝐿𝑜

𝐸=




(22)

(23)

(24)

where F is the tensile force, A is the cross-sectional area, L is the final gage length
of the specimen, and Lo is the initial gage length of the specimen. In this dissertation, the
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tensile properties of materials were determined using Instron 5966 universal testing
machine following ASTM D638. The specific testing conditions are discussed in the
following chapter.
2.11 Compression Testing
Compression testing measure the behavior of a material when it is subjected to a
compressive load [186]. The test is conducted similarly to tensile testing, except that the
direction of the load is towards the length of the sample being tested. Compression tests
are performed to measure the elastic, and compressive fracture properties of brittle
materials or low-ductility materials and compressive properties of particle reinforced
composites [186]. Compressive strength, compressive modulus of elasticity, and
compressive toughness are some properties that can be determined when doing a
compression test. The compressive toughness is determined by taking the area under the
stress-strain curve. These properties are important to determine if the material is suited for
specific applications or if it will fail under applied stress [186]. In this dissertation,
compression tests were conducted using an Instron 5596 universal testing machine
equipped with a 10 kN load cell. Cylindrical specimens with a diameter-to-height ratio of
1:2 (12.7mm:25.4mm) were prepared and tested following ASTM D695. The tests were
conducted at room temperature at a crosshead speed of 5 mm/min.
2.12 Hysteresis by Cyclic Loading
Cyclic compression testing of materials can be performed to generate the
hysteresis loops [187]. In this test, the stress-strain behavior of materials when subjected
to cyclic axial loading, follows a cyclic path (Figure 22). The unloading curve follows a
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different path than the loading curve and is always situated underneath the loading curve
[188]. The area enclosed within the hysteresis loop equals the amount of energy
dissipated in the material upon one loading-unloading cycle [188]. In addition, the
difference between the hysteresis loss in the first and second cycles can be the greatest,
and the difference among subsequent cycles can diminish as the number of cycles
increased [189]. The dissipated energy by the hysteresis loop area can be calculated using
the following equation [190]:

𝜀𝑚𝑎𝑥

∆𝐸 (𝑛) = ∫ [𝜎𝑙𝑜𝑎𝑑 (𝑛, 𝜀) − 𝜎𝑢𝑛𝑙𝑜𝑎𝑑 (𝑛, 𝜀)] 𝑑𝜀
0

where E is the dissipated energy of the hysteresis loop, 𝑛 is the number of
cycles,  is the strain, and load and unload are the loading stress-strain and unloading
stress-strain functions, respectively.

Figure 22. Represented hysteresis loop of a sample under cyclic loading
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(25)

In this dissertation, the hysteresis loop was generated by doing cyclic compression
loading and unloading experiments. The tests were carried out the same way as in the
compression experiments, except that the samples were compressed to predetermined
displacement (20% strain) at 1 mm/min and then unloaded at the same rate as when
compressed. The following chapter provides a detailed description of the compression and
cyclic compression tests.
2.13 Flexural Testing
The interlaminar shear strength (ILSS) of the laminates fabricated in this
dissertation was determined via flexural testing. Flexural testing measures the force
required to bend a beam under loading conditions [170], [184], [191]. The stresses induced
during flexural testing are composed of compressive and tensile stresses, as shown in
Figure 23. ASTM D790 and ISO 178 procedures are the standard testing methods used to
determine the flexural properties of materials [191]. Flexural testing is chosen over tensile
testing in determining the mechanical properties of brittle materials because flexural testing
allows the measurement of large deformations at small strains [170]. Flexural testing is
more relevant for the design or specification of materials used in the form of a beam
subjected to bending stresses [170].
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Figure 23. Stresses involved in bending a simple beam [170]

In this dissertation, a three-point bend test was performed using an Instron 5966
universal testing machine following ASTM D790-10. The load cell used was 1 kN, and the
crosshead speed (R) was calculated using Equation (26).

Five specimens were prepared

for each type of sample, and the average values of the tested samples were reported as the
flexural strength (F), flexural strain (F), and modulus of elasticity in bending (EB)
Equations (26)-(29), respectively. Flexural toughness was determined by taking the area
under the stress-strain curve. The specific testing conditions are discussed in the following
chapter.

𝑅=

𝑍𝐿2
6d

(26)

𝜎𝑓 =

3𝑃𝐿
2bd2

(27)

𝜀𝑓 =

6𝐷𝑑
L2

(28)

𝐿3 𝑚
𝐸𝐵 =
4bd3

(29)
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where Z = 0.01 and is the rate of straining of the outer fiber, L is the support span,
d is the depth of the beam, P is the load at a given point on the load-deflection curve, b is
the width of the beam, and m is the slope of the tangent to the initial straight-line portion
of the load-deflection curve.
2.14 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a material characterization technique that
provides information about the surface morphology, composition, and defect in materials
[192]. SEM involves the emission of a high-energy beam of electrons from an electron
source [193]. The interaction of the electron beam with the specimen produces the
backscattered electrons (BSEs) and the secondary electrons (SEs) [193]. BSEs are
scattered and deflected beams of electrons caused by the electric fields of atoms in the
sample [193]. SEs are electrons dislodged from the surface of a sample after being hit by
the electron beam [194]. BSEs and SEs signals that are scattered because of the highenergy beam interacting with the sample are collected and processed to obtain images of
the surface morphology of samples [194].
In this work, SEM images of the fibers, composites and laminates were taken
using Phenom SEM. The elemental composition at the surface of the carbon fibers were
determined using FEI Apreo FEG SEM equipped with Oxford Aztec Electron Dispersive
X-ray Spectroscopy (EDS). The accelerating voltages used for all materials were 5 kV-15
kV. The specific details of the SEM characterizations are discussed in the following
chapter.
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Chapter 3
Experimental Methods
3.1 Fiber-Reinforced Composites
3.1.1 Materials
Commercial carbon fibers (CCFs) (Toray T700S 12K) and recycled carbon fibers
(RCFs) based on the same T700S fibers (pyrolyzed at 500 °C for 60 mins and oxidized at
500 °C for 60 mins in a batch semi-industrial plant treating up to 70 kg per run) were
used as received from the CIRI-MAM, University of Bologna, Italy. The carbon fibers
were downsized to approximately 1-inch in length (Figure A1c). Cardanol-based epoxy
resin, NC514S, was obtained from Cardolite Corporation, and Hexion supplied the
DGEBA (EPON828) resin and EPIKURE W curing agent.
3.1.2 Chemical Treatment of Recycled Carbon Fibers
RCFs were subjected to chemical treatment to remove the impurities at the surface
of the fibers. The RCFs were soaked in 1M NaOH solution (1:15 liquor ratio) for 30
minutes and then washed with distilled water (1:30 liquor ratio) with agitation for 30
minutes. The soaking and washing process was repeated three times. The treatment
process was followed by washing with distilled water (1:30 liquor ratio) two times while
agitating for 30 minutes. Finally, the fibers were washed three times with ethanol and
acetone (1:15 liquor ratio) and allowed to dry.
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3.1.3 Raman Spectroscopy of the Fibers
Raman spectra of carbon fibers were recorded using Olympus TH4-100 equipped
with a microscope (20x, 50x, and 100x objectives). The laser light source and grating
used were 660 nm and 660 T, respectively. Raman spectra of the carbon fibers were
analyzed using Origin Pro software.
3.1.4 Single Filament Tensile Test of the Carbon Fibers
Single fiber tensile strengths of the carbon fibers were determined using a
Shimadzu AG-IC Testing Machine with a 50 N load cell. Individual fiber strands were
randomly chosen and mounted into a paper frame following the dimensions indicated by
ASTM D3379. Cold-weld epoxy was used to glue the fiber onto the jig made of the paper
frame to produce the test specimens with a gauge length of 25 mm (Figure 24).
Microscopic images of the carbon fibers at 20x magnification were taken to determine
the diameter of the fibers. ImageJ was used to measure the carbon fiber diameters in
three different parts of the fibers. The average diameter was calculated and was used to
get the equivalent fiber strength in MPa. The tensile load was applied at a 0.25 mm/min
crosshead speed. A total of 30 samples for each type of carbon fiber were tested.
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Carbon fiber for
tensile testing

Frame sides were carefully cut in
the middle prior to fiber testing
Figure 24. Single filament tensile testing of carbon fibers

3.1.5 Curing of Epoxy Resins and Extent of Cure
The epoxy equivalent weight (EEW) of NC-514S (384.5 g/eq) was determined via
titration according to ASTM D1652. DGEBA-based epoxy resin (EPON828) has an
EEW of 186.1 g/eg as provided by the supplier. The resins were cured in the presence of
an aromatic diamine, diethyl toluene diamine, EPIKURE W. The theoretical amine
hydrogen equivalent weight (AHEW) of EPIKURE W is 44.57 g/eq, based on its high
purity, molecular weight, and considering four active amine hydrogens. A stoichiometric
amount of resin and curing agent based on computed parts amine per hundred parts
epoxies was mixed in a beaker. The stoichiometric quantity of the diamine (EPIKURE
W) was calculated according to [195]:
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𝑝ℎ𝑟 =

𝐴𝐻𝐸𝑊 𝑋 100
𝐸𝐸𝑊𝐵𝑙𝑒𝑛𝑑

(30)

where phr is the parts by weight of amine per hundred parts by weight of epoxy
resin, EEWblend is the epoxy equivalent weight of the blend, and AHEW is the amine
hydrogen equivalent weight. The mixture was then poured into an aluminum mold and
vacuumed for 30 minutes at 50 °C to remove the bubbles. A five-hour cure schedule was
used for EPON828 / EPIKURE W and NC514S / EPIKURE W (curing at 100 °C for 3
hours and then post-curing at 180 °C for 2 hours). Near-IR spectroscopy operating in an
absorbance mode (Thermo Scientific Nicolet iS50 FTIR) was used to determine the
extent of cure of the resin. The oxirane ring of the epoxy was measured at wavenumber
4530 cm−1, and the amine peaks were measured at wavenumber 5000 cm−1. The peaks at
∼5900 cm−1 were chosen as the internal standard as these peaks were not affected by the
polymerization. The near-IR spectra of the uncured and cured resins were determined in
triplicates. The extent of cures X(Epoxy) and X(Amine) were computed using Equations
(10)-(11), respectively.
3.1.6 Fiber Reinforced Composite Fabrication
Composite fabrications were performed to check if the RCF can still be used as
reinforcement for cured epoxy resins. The properties of the RCF-reinforced composites
were compared to the CCF, and chemically treated recycled carbon fiber (CTRCF)
reinforced composites. To prepare the composites, 30% by volume of fibers and 70% by
volume of the matrix were manually mixed in a beaker. The density of the matrices
(DGEBA-based = 1.169 g/cm3, and Cardanol-based = 1.064 g/cm3) and densities of the fibers
(commercial = 1.772 g/cm3, recycled = 1.726 g/cm3, and treated recycled = 1.769 g/cm3) were used
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to calculate the weight of the fibers needed to maintain 30% fiber volume in the composites.
Composites reinforced with CCFs, RCFs, and CTRCFs were fabricated using the
compression molding technique at a pressure of 1000psi, curing temperature of 100 °C for
1.5 hours, and then post-curing at 180 °C for 1 hour. The compression molding process
and mold used for composite fabrication are shown in Figure 25.

NC-514S/EPIKURE W
or
EPON828/EPIKURE W

Pressure

MATRIX
Fiber and
Matrix Mixture

Commercial CF
Recycled CF
Chem. Treated RCF
(added little by little)

REINFORCEMENT

3

Manual Mixing

CFRPS

2

1

Pressure

Compression Molding
(Elevated Temperature and Pressure)

Figure 25. Schematic of the fabrication process of composites

3.1.7 Density Testing
The densities of the matrices, carbon fibers, composites, and composite laminates
were determined using a density test kit following ASTM D792. Samples were weighed
in air and then in liquid. The liquids used were water (at 25 °C = 0.998 g/cm3) for the
matrices and laminates, and heptane (at 25 °C = 0.684 g/cm3) for the composites and carbon
fibers. Three replicates were performed, and the densities were calculated using Equation
(8).
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3.1.8 Tensile Testing of the Matrix and Composites
The tensile properties of the five-hour-cured epoxy matrices and the carbon fiber
reinforced epoxy composites were determined using the Instron 5966 universal testing
machine. Tensile testing was performed to determine the effect of fiber processing
conditions on the mechanical properties of the composites. The load cell used was 10 kN,
and the tensile load was applied at a crosshead speed of 1 mm/min for the cured DGEBAbased epoxy and composites, while the crosshead speeds for cured cardanol-based epoxy
and composites were 50 mm/min and 5 mm/min, respectively. The samples were cured
into dumbbell-shaped specimens following ASTM D638-14. Five specimens for each
sample were tested, and the reported value of tensile strength was the average of the tested
specimens.
3.1.9 Curing of Cardanol-Based Epoxy Resin for 24 hrs and Extent of Cure
A 24-hour cure schedule following the study of Kinaci et al. [196] was also done
for NC514S / EPIKURE W (curing at 90 °C for 12 hours and then post-curing at 180 °C
for 12 hours) to determine the damping properties. FTIR analysis was performed to
determine the extent of cure as mentioned previously.
Tensile testing was also performed on the 24-hour-cured cardanol-based epoxy
matrix. The test was performed similarly to the 5-hour-cured cardanol-based epoxy matrix.
3.1.10 Cardanol-Based Epoxy Composite Fabrication for 24 hrs
RCFs, approximately 1-inch in length, were hand-mixed with NC514S/EPIKURE
W matrix in a fiber-to-matrix ratio of 1:1 by weight. The composites are labeled
C-xRCF-yNC514S_m, where x and y refer to fiber and matrix compositions by weight,
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respectively, and m refers to the compression pressure used in psi. Composites prepared
using a 1:1 fiber-matrix ratio were labeled as C-50RCF-50NC514S_1500. The amount of
matrix was overestimated initially to ensure complete wetting of the fibers. The fibers
were added little by little with the pre-mixed epoxy resin and heated to approximately 50
°C to ensure adequate blending of components. The discontinuous randomly oriented
epoxy resin/recycled carbon fiber mixture was transferred into an aluminum mold with
cavity dimensions of 125 x 112 x 4 mm3 (4.75 x 4.5 x 0.25 in3) and had a counter-mold to
compress the fiber-resin mixture in the cavity. The mold was inserted in the hot press
with plates heated to 90 °C. The fiber-resin mixture was allowed to cure for 9 hours at 90
°C. For the first 5 minutes, the pressure was increased at 300 psi/min to 1500 psi for
C-50RCF-50NC514S_1500 (or 150 psi/min to 750 psi for C- 25RCF-75NC514S_750).
After keeping in isotherm for 9 hours, the temperature was raised to 180 °C for 15 hours.
Finally, the hot press was allowed to cool to approximately 100 °C before removing the
applied pressure.
The effect of increasing the matrix content of the composites to its damping
properties was determined by fabricating composites labeled as C-25RCF75NC514S_750. The composites were prepared using fiber to matrix ratio of 1:3 by
weight. The compression pressure used was 750 psi. All other compression molding
conditions remained the same. A schematic representation of the composite preparation
process flow is provided in Figure 26.
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Figure 26. Schematic representation of the composite preparation process flow

3.1.11 Thermal Characterizations
The cured epoxy resins (five-hour and 24-hour-cured) were analyzed using
Thermogravimetric Analysis (TGA) in N2 and air from 30 °C to 700 °C. Approximately
5-10 mg of cured neat epoxy resin was placed in a platinum pan. The heating rate was 10
°C per minute in N2 (inert) and air (oxidative). Three replicates were performed and the
average temperature at 5 wt% degradation or initial degradation temperature (IDT), the
temperature at 50 wt% degradation (T50), and the residue at 700 °C are reported.
For the composites cured for 24 hours, the resins escaped from the mold during
the compression molding process, and TGA of the composites was performed to
approximate the final composition of fibers and resins in the composites. Approximately
10-15 mg of sample was loaded in a platinum pan and followed this method [15]:
equilibrate at 30 °C, ramp 20 °C/min to 500 °C in N2, 15 min isothermal heating, ramp 20
°C/min to 350 °C, switch to an air atmosphere, 5 min isothermal heating, ramp 20 °C/min
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to 550 °C and isothermal heating for 20 min. At the 70th minute run, where the derivative
weight of the sample with respect to time is assumed to be zero (dW/dt = 0), the weight
of the residue was taken as the recycled carbon fiber content. The initial degradation
temperature (IDT) of the composites was also determined. Three replicates were
performed and the average is reported.
Differential Scanning Calorimetry (DSC) of the five-hour-cured resin
(EPON828/EPIKURE W and NC514S/EPIKURE W) and the 24-hour-cured resin
(NC514S/EPIKURE W) resin was carried out in N2 from 25 °C to 250 °C (for EPON828)
and -50 °C to 150 °C (for NC514S) at a heating rate of 10 °C per minute. Three
replicates were performed, and the average is reported.
3.1.12 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) images of the carbon fibers and the
composites were taken using Phenom SEM at an accelerating voltage of 10kV - 15kV.
The longitudinal views of the carbon fibers were examined at 15kX magnification. In
addition, the cross-sections of the composites were examined at 500X magnification.
Also, FEI Apreo FEG SEM equipped with Oxford Aztec Electron Dispersive X-ray
Spectroscopy (EDS) was used to determine the elemental composition at the surface of
the carbon fibers.
3.1.13 Dynamic Mechanical Analysis (DMA)
The viscoelastic properties of the 24-hour-cured matrix and composites were
determined using TA Instruments Q800 DMA. The test was performed at a frequency of
1.0 Hz, a deflection amplitude oscillation of 7.5 μm, and a Poisson's ratio of 0.35. DMA
samples with dimensions of 35 x 11.5 x 1.5 mm3 were prepared and tested using a single
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cantilever set-up. A heating rate of 2 °C/min from -80 °C to 150 °C determined the
storage modulus (E') at -50 °C, loss modulus (E"), and Tg at E" peak and tan  peak and
damping value at the tan  peak. In addition, the cross-link density of the matrix, ʋ
(mol/m3), was estimated using the theory of rubber elasticity given below [197]:
𝜈=

3𝑅𝑇
𝐸

(31)

where E is the minimum rubbery modulus (in MPa), R is the ideal gas constant, and
T is the absolute rubbery temperature (in K). Three replicates were performed, and the
average was reported.
Multifrequency DMA (Temperature Step/Frequency Sweep) was also performed
to check how consistent the matrix Tg (based on tan ) with increasing frequency. The
temperature step/frequency sweep was performed in 5 °C increments with an
equilibration time of 2 minutes from -80 °C to 150 °C. The frequencies used were 1 Hz,
5 Hz, and 10 Hz. Three replicates were performed, and the average is reported. All other
DMA settings are the same as mentioned above.
3.1.14 Composite Laminate Fabrication
Carbon fiber composite prepreg (T700S Toray 12k spread tow plain weave) was
purchased from Rock West Composites. The composite prepreg has an overall weight of
382 gsm, a thickness of 0.010 inches, and an epoxy resin content of 43% (Table A4). The
laminates used the labels L, which means laminate, and x and y refer to the composition
by weight of the RCFs and NC514S matrix, respectively.
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CFRP laminates were produced by stacking 8 plies of prepregs and labeled as LUnmodified (Figure 27a). Stacking 8 plies of prepregs with a thin coating of NC514SEPIKURE W resin in between prepreg plies (Figure 27b), and was labeled as L100NC514S. Stacking 8 prepreg plies with xRCF-yNC514S composites placed after the
4th prepreg ply (Figure 27c) was labeled as L-xRCF-yNC514S. For CFRP laminates with
xRCF-yNC514S composites in the middle, the total volume of plies 1-4, xRCF-yNC514S
composite volume, and the total volume of plies 5-8 are all equal.

Prepregs Ply #

(a)

Prepregs with thin coating
of NC514S/EPIKURE W in
between layers

(b)

(c)

Figure 27. Stacking sequence of plies for laminate production: (a) L-Unmodified, (b) L100NC514S and (c) L-xRCF-yNC514S

Distortion of the prepregs fiber tows occurs when using high compression
pressure (Figure A4), and using zero gage pressure results in gaps between laminate
composite layers (Figure A5). Thus, a compression pressure of 50 psi was used to
fabricate the laminates. The laminates were prepared using the compression molding
technique and the mold in Figure 26. The laminates were cured at 90 °C for 9 hours and
post-cured at 180 °C for 15 hours. The densities of the composites fabricated at 50 psi
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were used to calculate the weight of the composites needed to have a volume equal to 1/3
of the L-Unmodified laminate.
To observe the effect of using two resins on the Tg and tan  of the laminates, an
unconstrained laminate was fabricated and labeled as L-25RCF-75NC514SUnconstrained. As
shown in Figure 28, the unconstrained laminate was produced by stacking equal volumes
of 4 plies of prepregs and C-25RCF-75NC514S composites.

Figure 28. Stacking sequence of L-Unconstrained laminate

3.1.15 Dynamic Mechanical Analysis (DMA) of the Laminates
The viscoelastic properties of the laminates were determined using TA
Instruments Q800 DMA. The test was performed at a frequency of 1.0 Hz, a deflection
amplitude oscillation of 7.5 μm, and a Poisson's ratio of 0.35. DMA samples with
dimensions of 35 x 11.5 x 2.0 mm3 were prepared and tested using a single cantilever setup. A heating rate of 2 °C/min from -25 °C to 225 °C determined the storage modulus
(E') at -50 °C, loss modulus (E"), and Tg at E" peak and tan  peak and damping value at
the tan  peak. Three replicates were prepared for each type of laminate and the average
values are reported.
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3.1.16 Flexural Test of the Laminates
A 3-point bend test of the laminates was performed using an Instron 5966
universal testing machine following ASTM D790-10. Rectangular SCFRP (short CFRP)
coupons (85 x 12.7 x 2 mm3) with a span length of 60 mm were prepared for the test.
The load cell used was 1 kN, and the crosshead speed (R) was 3 mm/min (calculated
using Equation (26). Five specimens were prepared for each type of laminate and the
average flexural values of the tested samples are reported
3.2 Particle-Reinforced Composites
3.2.1 Materials
Coarse PTPs (pyrolyzed at 500 °C at a rate of 8 °C/min for 150 mins) recovered in
the study of Giorgini et al. [148] were obtained from the CIRI-MAM, University of
Bologna, Italy. In addition, NC514S and GX5593-2 were obtained from Cardolite
Corporation and the curing agent EPIKURE W was supplied by Hexion.
3.2.2 Curing of the Epoxy Resin and Extent of Cure
The EEW of NC514S (384.5 g/eq) was determined via titration according to the
ASTM D1652. The resin was cured using an aromatic diamine curing agent, EPIKURE
W. The theoretical AHEW of EPIKURE W is 44.57 g/eq, based on its high purity,
molecular weight, and considering four active amine hydrogens. The curing accelerator
GX5593-2 has an AHEW of 75 g/eq as provided by Cardolite Technical Data Sheet. A
planetary mixer was used to mix and defoam (to remove bubbles) a stoichiometric
amount of resin, curing agent, and accelerator. The mixture was then poured into an
aluminum mold and placed in an oven preheated at 90 °C. The resin-curing agent
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mixture was cured at 90 °C for 12 hours and then post-cured at 180 °C for 12 hours.
Near-IR spectroscopy (Thermo Scientific Nicolet iS50 FTIR) was used to determine the
extent of cure of the resin. The oxirane ring of the epoxy was measured at wavenumber
4530 cm−1, and the amine peaks were measured at wavenumber 5000 cm−1. The peaks at
∼5900 cm−1 were chosen as the internal standard. All peaks were measured in
absorbance mode. The near-IR spectra of the uncured and cured resins were determined
in triplicates. The extent of cures X(Epoxy) and X(Amine) were computed using
Equations (10)-(11), respectively.
The IR spectra of the uncured matrix with the curing accelerator
(NC514S+EPIKURE W+GX5593-2) and the uncured matrix (NC514S+EPIKURE W)
without the accelerator were taken as a function of time to study the increase in viscosity
of the uncured matrix with GX5593-2 during the conduct of rheological experiments.
Measurements were taken at t = 0, 10 mins, 30 mins, 1 hr, 2 hrs, 3 hrs, 4 hrs, 5 hrs, and 6
hrs.
3.2.3 Preparation of the Pyrolyzed Tire Particles (PTPs)
The as-received PTPs have varied particle size and shape distribution and thus
cannot be used as reinforcements for composites. The coarse PTPs (Figure B1) were
ground and sieved using a screen of 45 microns mesh size. The fine particles (Figure B3)
of less than 45 microns were vacuum dried at 200 °C for 7 days to remove moisture and
cooled to room temperature before storing them in a desiccator.
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3.2.4 Particle Density Determination
A 10 mL pycnometer was used to determine the density of PTPs with heptane
(25°C = 0.684 g/cm3) as the fluid medium. The weight of the empty dry pycnometer (Wp)
was determined first. Then, approximately 1 gram of PTPs (Ws) was placed in the
pycnometer, and the weight of the pycnometer + the PTPs was determined (Wp+Ws). The
pycnometer was filled with heptane before the brim and carefully swirled to ensure
complete wetting of the particles. The pycnometer was then filled with heptane to the
brim, capped, and the overflow liquid was wiped off prior to weighing to determine its
total weight (WT = Wp+Ws + WL). Measurements were done in triplicates, and the PTP
density (s) was calculated using Equation (9).
3.2.5 Particle-Reinforced Composite Fabrication
The composites were prepared by mixing 2, 10, 25, and 50 wt% (2.34, 11.54, 28.13,
and 54.01 vol% respectively) of PTPs to the matrix with a curing accelerator. The
composites were labeled as C-xPT-yNC514S, where C refers to composite, and x and y
refer to the composition by weight of the PTPs and the matrix. The curing accelerator,
GX5593-2, prevented the particles from settling (Figure B5). Next, the resin/particle
mixture was mixed and defoamed (to remove the bubbles) using a planetary centrifugal
mixer. The mixtures were then poured into an aluminum mold and placed in an oven that
was already set at 90 °C. The composites were cured at 90 °C for 12 hours and then postcured at 180 °C for 12 hours. Figure 29 shows the schematic of the particle-reinforced
composite fabrication.
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Figure 29. Schematic representation of the particle reinforced composite preparation
process flow

3.2.6 Rheology
Viscosities of the uncured matrix and composites were determined using a TA
Instruments Discovery HR-2 Rotational Rheometer with a 1° 40 mm geometry at 25 °C
and 35 °C. The shear rate was ramped logarithmically from 1 to 100 s-1 (increasing shear
rate) and 100 to 1 s-1 (decreasing shear rate). Three replicates were performed for each
sample, and the average is reported.
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3.2.7 Thermal Characterization
The thermal properties of cured epoxy resin, composites, and PTPs were analyzed
using Thermogravimetric Analysis (TGA) in N2 and air conditions from 30 °C to 900 °C
for the PTPs and from 30 °C to 800 °C for the composites and cured epoxy resin.
Approximately 5-10 mg of sample were placed in a platinum pan. The heating rate was
10 °C per minute in N2 (inert), and air (oxidative) conditions. Three replicates were
performed and the average temperature at 5 wt% degradation or initial degradation
temperature (IDT), the temperature at 50 wt% degradations (T50), and residue (%) at 800
°C (composites and cured epoxy resin) and 900 °C (PTPs) are reported.
3.2.8 Density Testing
The matrix and composite densities were determined using a density test kit
following the ASTM D792. Samples were weighed in air and then in a liquid medium.
The liquids used were water (at 25 °C = 0.998 g/cm3) and heptane (at 25 °C = 0.684 g/cm3)
for the matrix the composites, respectively. Three replicates were performed, and the
densities were calculated using Equation (1).
3.2.9 Dynamic Mechanical Analysis (DMA)
The viscoelastic properties of the matrix and the composites were determined
using a TA Instruments Q800 DMA at a frequency of 1.0 Hz, a deflection amplitude
oscillation of 7.5 μm, and a Poisson’s ratio of 0.35. DMA samples with dimensions of 35
x 11.5 x 1.5 mm3 were prepared and tested using a single cantilever set-up. A heating
rate of 2 °C/min from -60 °C to 80 °C determined the storage modulus (E') at -50 °C, loss
modulus (E"), and Tg at E" peak and tan  peak and damping value at the tan  peak.
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3.2.10 Mechanical Testing
Compression tests were conducted using an Instron 5596 universal testing machine
with a 10 kN load cell. Cylindrical specimens with a diameter-to-height ratio of 1:2
(12.7mm:25.4mm) were prepared and tested following ASTM D695. The tests were
conducted at room temperature at a crosshead speed of 5 mm/min. Five samples were
prepared for the matrix and composites with 25 wt% and 50 wt% PTPs. The results are
the average of the five measurements for each material.
3.2.11 Hysteresis via Cyclic Compression Testing
Hysteresis experiments were performed by doing cyclic compression loading and
unloading experiments. The tests were carried out the same way as in the compression
experiments, except that the samples were compressed to a predetermined displacement
(20% strain) at 1 mm/min and then unloaded at the same rate as when compressed. The
closed loop generated during the loading and the unloading experiment is called the
hysteresis loop [188]. Ten (10) compression loading and unloading cycles were
performed on the 100NC514SGX5593-2 matrix and C-25PT-75NC514S composite samples
with a diameter-to-height ratio of 1:2. The hysteresis experiments were performed twice
for each sample.
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3.2.12 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) images of the PTPs, composite crosssections, and fractured surfaces after compression testing were taken using the Phenom
SEM at an accelerating voltage of 5-15 kV.
The composites were dipped in liquid N2 to induce cracking and observe the
distribution of particles within the cross-section of the matrix. The small fragments of
composites were vacuum dried for at least an hour before taking the SEM images at
250X magnification.
After the compression testing, the fractured surfaces of the composites with 25
and 50 wt% PTPs were observed using using the Phenom SEM. SEM images were taken
at 500X magnification.
3.2.13 Fabrication of the Hybrid Composites
Hybrid composites were fabricated to check the effect of combining PTPs and
RCFs on the thermomechanical properties of the composites. First, the hybrid composites
were prepared by mixing 12.5 wt% of PTPs with the matrix (NC514S/EPIKURE W).
Then, the resin/particle mixture was mixed and defoamed using a planetary mixer (to
remove the bubbles). Then, 12.5 wt% of RCFs were added little by little and hand-mixed
with the resin/particle mixture until the fibers were thoroughly wetted. The composite
contained 12.5 wt% PTPs, 12.5 wt% RCFs, and 75 wt% matrix and was labeled as
H-uPT-xRCF-yNC514S, where H refers to hybrid composite, and u, x, and y refer to the
composition by weight of PTPs, RCFs, and NC514S matrix, respectively. Next, the
particle-fibers-matrix mixture was transferred into an aluminum mold with cavity
dimensions of 125 x 112 x 4 mm3 (4.75 x 4.5 x 0.25 in3) and had a counter-mold to
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compress the fiber-resin mixture in the cavity. The mold was inserted in the hot press
with plates heated to 90 °C. The hybrid composite was allowed to cure for 9 hours at 90
°C and then post-cure for 15 hours at 180 °C at a pressure of 50 psi. Figure 30 shows the
schematic of the hybrid composite fabrication process.
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Figure 30. Schematic representation of the hybrid composite preparation process flow

The density of the hybrid composites was determined by following ASTM D792.
The thermal properties of the hybrid composites were determined via TGA from 30 °C to
800 °C. Approximately 5-10 mg of sample was placed in a platinum pan. The heating
rate was 10 °C per minute in N2 (inert), and air (oxidative) conditions. SEM was used to
observe the distribution of particles and fibers in the cross-section of the hybrid
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composites. First, a cured composite sample was cut using a table saw, and then the
cross-section surface was polished using sandpaper of 3000 grit size. Images were taken
at 500X and 1000X magnifications using a Phenom SEM at an accelerating voltage of 15
kV. DMA runs were performed similarly on the PTP-composites, except that a heating
rate of 2 °C/min from -60 °C to 150 °C was used to determine the storage modulus (E') at
-50 °C, loss modulus (E"), and Tg at E" peak and tan  peak and damping value at the tan
 peak.
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Chapter 4
Results and Discussion
This research work aims to examine the applicability of greener and cheaper
materials such as cardanol-based epoxy resins, recycled carbon fibers (RCFs), and
pyrolyzed tire particles (PTPs) as alternative materials for petroleum-based epoxy resins
(DGEBA-based epoxy resins) and commercially available carbon fibers in composites for
automotive applications.
4.1 Fiber-Reinforced Composites
4.1.1 Characterization of the Carbon Fibers
Carbon fiber characterizations were performed to compare the characteristics of
RCFs to CCFs and to check the applicability of RCFs as replacements for CCFs.
SEM micrographs of the RCFs (Figure 31a) show impurities at the surface of the
fibers. Thus, the RCFs were subjected to chemical treatment, and the chemically treated
RCFs were labeled as CTRCFs. Figure 31b shows that using chemical treatment
decreases the number of impurities at the surface of RCFs. Since carbon fibers are
composed of carbon atoms, energy dispersive spectroscopy (EDS) can be an effective
technique to identify the elemental composition at the surface of the fibers.
Table 2 shows that aside from the element carbon (C), other elements like oxygen
(O), fluorine (F), silicon (Si), calcium (Ca), chlorine (Cl), sulfur (S), and phosphorus (P)
are also found at the surface of the RCFs. These impurities can affect the interfacial bond
of the fibers to the epoxy matrix. Moreover, comparing the CCFs and RCFs, the O/C
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ratio increases significantly upon pyro-gasification, from 0.11 up to about 0.18,
respectively, due to partial surface oxidation.

(a)

(b)

(c)

Figure 31. SEM micrographs of (a) recycled carbon fibers (RCFs), (b) chemically treated
recycled carbon fibers (CTRCFs), and (c) commercial carbon fibers (CCFs)

Table 2
Elemental Composition of Recycled Carbon Fibers (RCFs), Chemically Treated Recycled
Carbon Fibers (CTRCFs), and Commercial Carbon Fibers (CCFs)

Element

RCFs (wt%)

CTRCFs (wt%)

CCFs (wt%)

1. C

83.83

85.85

89.91

2. O

14.89

13.2

9.94

3. F

0.76

0.68

0.07

4. Si

0.28

0.07

0.07

5. Ca

0.12

0.05

0.01

6. Cl

0.07

0.07

(-)

7.

S

0.04

0.03

(-)

8.

P

0.01

0.01

(-)
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Figure 32. Raman spectra with Lorentz curve fitting (green curve) of (a) commercial
carbon fibers (CCFs) and (b) recycled carbon fibers (RCFs), and (c) chemically treated
recycled carbon fibers (CTRCFs)
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Raman spectroscopy was performed to observe the effect of pyrogasification and
chemical treatment on the microstructure of the fibers. The Raman spectra of the fibers
(Figure 32) display two prominent peaks at 1338-1348 cm-1 and 1570-1583 cm-1. These
two signals correspond to graphitic and amorphous carbon absorption, the D-band and Gband, respectively [129]. The D-peak is due to the defect induced on the sp2 structure. The
G-peak is due to the bond stretching of all pairs of sp2 carbon atoms in both rings and
chains [198].
Lorentz curve-fitting was performed to determine the effect of pyrolysis treatment
on the microstructure of the RCFs and CTRCFs. Based on Table 3, the ID/IG ratio of the
RCFs is lower than the ID/IG ratio of CCFs. According to the literature, the lower the
ID/IG ratio value, the more crystalline or ordered the structure of the carbon fibers [199].
Therefore, the increase in crystallinity of the CTRCFs could be attributed to the removal
of impurities/amorphous char at the surface of the RCFs. This increase in crystallinity
was further supported by the smaller D peak FWHM value [200].

Table 3
Structures of Carbon Fibers Determined using Lorentz Curve Fitting

Carbon Fibers

CCFs
RCFs
CTRCFs
a

Band
D
G
D
G
D
G

Peak Center
(cm-1)

FWHMa, I

1348
1583
1338
1580
1348
1571

238
93
210
94
153
128

Full Width at Half Maximum
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ID/IG

1.18
1.17
1.03

Table 4 shows the densities and mechanical properties of CCFs and RCFs. The
CCFs show the largest fiber diameter, highest tensile strength, and largest strain. On the
other hand, the RCFs subjected to pyrolysis treatment have a lower fiber diameter due to
the removal of fiber sizing and possibly some of the fiber's outer shell. In addition, the
stresses induced by the pyrolysis treatment decreased the mechanical properties of the
RCFs. The CTRCFs has the highest modulus and can be attributed to the increase in
crystallinity of the fibers. The increase in crystallinity is due to the removal of fiber sizing
and impurities at the surface. However, chemical treatment results in a significant
decrease in fiber diameter and tensile strength compared to the CCFs. Also, from Table
4, the chemical treatment of RCFs induced brittleness onto the fibers.

Table 4
Densities and Mechanical Properties of Commercial Carbon Fibers (CCFs), Recycled
Carbon Fibers (RCFs), and Chemically Recycled Carbon Fibers (CTRCFs)
Fiber Diameter
(μm)

Density
(g/cm3)

Tensile
Strength (GPa)

Strain
(%)

Modulus
(GPa)

CCFs

7.02 ± 1.79

1.77 ± 0.02

4.84 ± 1.75

2.20 ± 0.47

221 ± 69

RCFs

6.57 ± 1.04

1.73 ± 0.01

3.81 ± 1.17

2.09 ± 0.65

194 ± 66

CTRCFs

5.78 ± 0.88

1.77 ± 0.03

3.63 ± 0.94

1.18 ± 0.34

320 ± 75

Figure 33 shows plots of fiber tensile strengths versus fiber diameters. It can be
observed that the tensile strength of the fibers increases when the fiber diameter
decreases. The reason for this trend is that when the cross-sectional area and volume of
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fiber per unit length decrease, there is a reduction in the chances of finding a significant

Tensile Strength, MPa

defect or flaw existing in the length of the fibers [89].
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Figure 33. Plot of fiber tensile strengths vs fiber diameters for (a) commercial carbon
fibers (CCFs) and (b) recycled carbon fibers (RCFs), and (c) chemically treated recycled
carbon fibers (CTRCFs)
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(a)

(b)

(c)

Figure 34. Box plots comparing the tensile properties of the three carbon fibers (a) tensile
strength, (b) tensile modulus, and (c) tensile strain
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Tukey’s - HSD ANOVA at a 95% confidence (Table A1) shows that there is a
significant difference (p adj. < 0.05) between the tensile strengths of CTRCFs and CCFs,
and RCFs and CCFs, but there is no significant difference between the tensile strength of
RCFs and CTRCFs (Figure 34a). Also, there are significant differences between the
tensile modulus and strain properties of CRTCFs and CCFs, and RCFs, and CTRCFs, but
there are no significant differences between the tensile modulus and strain properties of
RCFs and CCFs (Figure 34b-c)
4.1.2 Characterizations of the Matrix
Matrix characterizations were performed in this research work to compare the
properties of cardanol-based epoxy resin and DGEBA-based epoxy resins and to check
the applicability of using a bio-based epoxy resin (cardanol epoxy resin) as a replacement
for petroleum-based epoxy resins. The two matrices were cured using the same curing
conditions (100 °C for 3 hours and 180 °C for 2 hours) and curing agent (EPIKURE W).
EPIKURE W is a standard curing agent readily available in the market. It is a low
viscosity aromatic amine-based curing agent that gives a sufficient pot life when mixed
with epoxy resins and aids in the proper mixing and resin transfer before reaction. In
addition, EPIKURE W also provides stiffness and thermal stability to the cured epoxy.
DGEBA-based epoxy resin (EPON828) and cardanol-based epoxy resin (NC514S)
were cured by adding a stoichiometric amount of EPIKURE W. The simplified structures
of these molecules are reported in Figure 35. At room temperature, the cured polymers are
light yellow and hard for cured EPON828 and light brown and flexible for cured NC514S
(Figure A2).
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(a)

(b)

(c)

Figure 35. Structures of (a) cardanol-based epoxy resin (NC514S), (b) DGEBA-based
epoxy resin (EPON828), and (c) curing agent, EPIKURE W

Figure 36 shows the near-IR spectra of uncured and cured epoxy resins. The
disappearance of the peaks at 4530 cm-1 and 5000 cm-1 represents a high epoxy and
amine extent of cures. For the EPON828-EPIKURE W, the extent of cures have values
of X(Epoxy) = 99.92 ± 0.03% and X(Amine) = 99.64 ± 0.27%, respectively. For the
NC514S-EPIKURE W, the extent of cures have values of X(Epoxy) = 96.44 ± 1.80% and
X(Amine) = 99.30 ± 0.09%, respectively.
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Figure 36. Representative near-IR spectra of the uncured and cured (a) DGEBA-based
epoxy resin and (b) cardanol-based epoxy resin

DSC was performed to determine the Tg’s of the cured epoxy matrices. The DSC
profiles of 5-hour cured EPON828/EPIKURE W and NC514S/EPIKURE W resins are
shown in Figure 37. Due to the more aromatic nature of EPON828, the Tg of the cured
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resin occurs at 159  1 C, while the Tg of cured NC514S/EPIKURE W occurs at 4  1
°C because of its aliphatic nature.
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Figure 37. Representative DSC curves of epoxy resins cured with EPIKURE W

The cured epoxy matrices were analyzed using thermogravimetric analysis
(TGA). Figure 38 shows the TGA thermograms of the cured resins. TGA curves of the
cured resins both in air and in N2 show that cured 100EPON828 resin is more thermally
stable than the cured 100NC514S resin, as shown by the higher IDT of the cured
100EPON828 resin. For both atmospheres, the main weight loss at around 300 °C
(100NC514S) and 365 °C (100EPON828) is due to the thermal degradation of the
carbon-oxygen bonds. Since EPON828 epoxy resin is more aromatic than NC514S
epoxy resin, the residual weight of the cured DGEBA-based epoxy resin in N2 and air
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atmosphere is about 8% higher than cured cardanol-based epoxy resin. Table 5 shows
the stages of degradation and residual weight after heating to 700 °C for these cured
resins.
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Figure 38. Representative TGA thermogram and derivative weight of the cured (5hr)
matrices in N2 and air atmospheres

Table 5
Thermogravimetric Properties of the Matrices in N2 and Air
Matrices

IDT (°C) a
N2
Air

T50 (°C)b
N2

Air

Residue700 (%)c
N2
Air

NC514S-Epikure W

302 ± 12

298 ± 3

376 ± 3

376 ± 2

0.13 ± 0.07

0.24 ± 0.03

EPON828-Epikure W

362 ± 2

366 ± 1

388 ± 1

391 ± 1

7.62 ± 0.90

8.12 ± 0.80

aDetermined

as the temperature at 5% weight loss; Determined as the temperature at 50% weight loss; cResidue at 700

°C
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4.1.3 Characterizations of the Composites
In this dissertation, composite fabrications were performed to investigate if the
RCFs can improve the mechanical properties of the matrices. Also, the properties of the
RCF-reinforced composites were compared to the CCF and CTRCF-reinforced
composites. DGEBA-based and cardanol-based composites were successfully fabricated.
The composites were labeled as C – xA-yB, where C refers to composites, A and B refers
to the matrix and fibers used, respectively, and x and y refer to the weight fractions of the
matrix and fibers, respectively. Volume fractions were converted to weight fractions
since all succeeding composite fabrications were done in weight fractions. DGEBAbased composites are hard and brittle at room temperature, while the cardanol-based
composites are slightly flexible. From Table 6, it can be observed that the DGEBA-based
composites have a slightly higher density than the cardanol-based composites. For
DGEBA-based and cardanol-based composites, composites reinforced with CCFs
showed the highest density, followed by composites reinforced with CTRCFs and
composites reinforced with RCFs. Density can also be used to determine the presence of
voids in the composites. As seen in Table 6, both the DGEBA-based composites and the
cardanol-based composites have 15% voids. These voids can influence the mechanical
performance of the composites [201]. Thus, a different type of mold (equipped with a
counter mold) was used to fabricate the 24-hr-cured cardanol-based composites and
laminates to obtain better compaction and mechanical performance.
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Table 6
Density of the Matrix and Density and Volume of Voids of the Composites
E (g/cm3)a

T(g/cm3)b

Vv (%)c

1.169  < 0.001

----

----

C-39CCF-61EPON828

1.361  0.020

1.590

14.64  1.31

C-39RCF-61EPON828

1.308  0.020

1.562

16.22  1.52

C-39CTRCF-61EPON828

1.353  0.024

1.590

15.15  1.50

100NC514S

1.064  0.002

----

----

C-42CCF-58NC514S

1.327  0.016

1.558

14.85  1.00

C-41RCF-59NC514S

1.271  0.010

1.534

16.94  0.76

C-42CTRCF-58NC514S

1.312  0.011

1.558

15.81  0.69

Materials
100EPON828

a

Experimental density measured according to Archimedes' principle at 25 °C; bTheoretical density
computed using the formula T = mVm + fVf (where: m and Vm are density and volume fraction of the
matrix, respectively, f and Vf are density and volume fraction of the fibers, respectively); cComputed using
the formula Vv = [(T - E)/T]*100, where Vv = void volume.

Tensile testing was performed to determine the effect of fiber processing
conditions on the mechanical properties of the composites. The tensile test results show
that adding carbon fibers (CCFs, RCFs, and CTRCFs) improved the mechanical
properties of the epoxy matrices (Table 7). Figure 39 and Figure 40 show that for both
DGEBA-based and cardanol-based composites, composites reinforced with CCFs have
the highest tensile strengths, followed by the composites reinforced with CTRCFs and
composites reinforced with RCFs. The presence of many impurities on the surface of the
RCFs results in lower tensile properties of the fabricated composites [130]. Also, adding
carbon fibers into the DGEBA-based and cardanol-based matrices decreases the tensile
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strain properties of the composites, as expected since the carbon fibers themselves have
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Figure 39. Tensile properties of the cured matrix (100EPON828) and composites
(C-39CCF-61EPON828, C-39CTRCF-61EPON828)
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Figure 40. Tensile properties of the cured matrix (100NC514S) and composites (C42CCF-58NC514S, C-41RCF-59NC514S, C-42CTRCF-58NC514S)

Table 7
Mechanical Properties of the Matrices and Composites
Tensile Strength
(MPa)

Tensile Strain
(%)

Tensile Modulus
(GPa)

59 ± 9

4.1 ± 0.6

2.3 ± 2.0

C-39CCF-61EPON828

225 ± 49

0.6 ± 0.2

54.2 ± 15.1

C-39RCF-61EPON828

115 ± 10

0.4 ± 0.1

44.3 ± 13.4

C-39CTRCF-61EPON828

139 ± 22

0.37 ± 0.2

51.2 ± 22.6

100NC514S

2.1 ± 0.2

179.80  7.6

0.6 ± <0.1

C-42CCF-58NC514S

39 ± 8

7.6 ± 0.8

2.0 ± 0.9

C-41RCF-59NC514S

19 ± 10

3.6 ± 0.5

1.5 ± 0.3

C-42CTRCF-58NC514S

29 ± 9

4.7 ± 1.3

1.6 ± 0.4

Materials
100EPON828
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For the DGEBA-based materials, Tukey’s – HSD ANOVA at a 95% confidence
level (Table A2) shows that there is a significant difference (p adj. < 0.05) between the
tensile strength, tensile strain, and tensile modulus of the cured DGEBA-based matrix
and the tensile strength, tensile strain, and tensile modulus of the DGEBA-based
composites. For example, from Figure 41a and Table A2, it can be observed that there is
no significant difference between the tensile strength of C-39RCF-61EPON828 and
C-39CTRCF-61EPON828, but they are both significantly different from C-39CCF61EPON828. Also, from Figure 41b-c and Table A2, all tensile moduli are significantly
different from the tensile modulus of the cured DGEBA-based matrix. However, the three
types of composites have no significant difference in their tensile moduli and strain
values.
Tukey’s – HSD ANOVA at a 95% confidence level (Table A3) was also used to
check if there were significant differences between the tensile properties of the cardanolbased epoxy matrix and composites. Figure 42 shows a significant difference (p adj. <
0.05) between the tensile strength, tensile strain, and tensile modulus of the cured
cardanol-based matrix and the tensile strength, tensile strain, and tensile modulus of the
cardanol-based composites. Also, from Figure 42a and Table A3, it can be observed that
there is no significant difference between the tensile strength of C-42CTRCF-58NC514S
and C-42CCF-58NC514S composites and no significant difference between
C-42CTRCF-58NC514S and C-41RCF-59NC514S composites. However,
C-42CCF-58NC514S and C-41RCF-59NC514S are significantly different. Furthermore,
Figure 42b-c and Table A3 show no significant difference between the tensile modulus
and tensile strains of all three composites.
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Figure 41. Box plots comparing the tensile properties of the cured DGEBA-based matrix
and composites; (a) tensile strength, (b) tensile modulus, and (c) tensile strain
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SEM was used as a morphological characterization technique to investigate the
mechanism of fractures of the composites and to assist in explaining the results obtained
in tensile testing of composites in Figure 39 and Figure 40. Figure 43 and Figure 44
show the fractured surfaces of the composites after subjecting them to a tensile test.
Fiber-matrix debonding was observed for both the DGEBA-based composites and
cardanol-based composites. Fiber pull-out is also evident from the long section of fibers
extended beyond the matrix fractured surfaces. Insufficient interfacial bonding between
the matrix and the fibers results in matrix failure and a few broken carbon fibers.
Examining the mode of fractures of the C-39RCF-61EPON828 and C-41RCF-59NC514S
composites (Figure 43a and Figure 44a, respectively), it can be observed that the
fractures have one planar direction. This one planar direction of fractures tells us that the
RCFs are less efficient when preventing the propagation of cracks in the matrix, thus
decreasing the strength of composites reinforced with RCFs. Several fracture planes tell
us that for the C-39CTRCF-61EPON828 and C-42CTRCF-58NC514S composites
(Figure 43b and Figure 44b, respectively), the fibers prevented the propagation of cracks
in the matrices resulting in improved tensile properties of the composites. However, the
increased brittleness of the CTRCFs results in brittle fractures of the C-39CTRCF61EPON828 composites (Figure 43b). C-39CCF-61EPON828 and C-42CCF-58NC514S
composites (Figure 43c and Figure 44c, respectively) show improved interfacial bonding
between the matrix and reinforcement (as shown by the change in the direction of
failure). The improved interfacial bonding made the commercial fibers absorb the load
received by the matrices and thus resulting in the highest composite tensile strengths.
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Figure 43. SEM micrographs of DGEBA-based composites (a) C-39RCF-61EPON828,
(b) C-39CTRCF-61EPON828, and (c) C-39CCF-61EPON828
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Figure 44. SEM micrographs of cardanol-based composites (a) C-41RCF-59NC514S, (b)
C-42CTRCF-58NC514S, and (c) C-42CCF-58NC514S

4.1.4. Characterization of Cured Cardanol-Based Epoxy Matrix and Composites for
Damping Applications
Based on the composite fabrication results, the DGEBA-based composites have
better thermal and thermal properties than the cardanol-based composites which shows
that cardanol-based composites cannot compete with DGEBA-based composites for
structural applications However, regarding structural applications, cardanol-based
composites cannot compete with DBEBA-based composites. Therefore, there is a need
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to find composite applications that would make the industry choose cardanol-based
epoxy composites over DGEBA-based composites, i.e., damping applications.
According to literature, the matrix is the primary contributor to the viscoelastic
damping in CFRPs [52]. Also, the matrix should be flexible at room temperature and
have a low Tg [52]. Since the DGEBA-based matrix is rigid at room temperature and has
high a Tg, it did not meet these requirements. In addition, DGEBA-based composites have
high stiffness properties but poor damping properties. These low damping characteristics
result in structure-borne noise and undesirable vibrations that may contribute to failure in
composites and delamination triggering in laminates [50]. Thus, the succeeding
composite fabrication will be intended for damping applications. This dissertation aims
to fabricate composites suitable for automotive applications.
For damping applications, it is desired to fabricate composites with greater matrix
extent of cure, lower glass transition temperature, better thermal stability, and higher
mechanical properties. Thus, 24-hr curing of cardanol-based epoxy resin, NC514SEPIKURE W, was performed. The cured cardanol-based matrix has a density of 1.064 
0.002 g/cm3. Figure 45 shows the near-IR spectra of uncured and cured cardanol-based
epoxy resin. The disappearance of the peaks at 4530 cm-1 and 5000 cm-1 represents a
high epoxy and amine extent of cures and have values of X(Epoxy) = 99.68 ± 0.11% and
X(Amine) = 99.16 ± 0.26%, respectively.
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Figure 45. Representative near-IR spectra of the uncured and cured cardanol-based epoxy resin

The thermal degradation of the matrix (100NC514S) was analyzed, and the TGA
thermogram is provided in Figure 46. The main weight loss at around 310 °C (air) and
320 °C (N2) is due to the degradation of the cured resin. At the end of the run (at 700
°C), an almost negligible residue was obtained in the air and N2 atmosphere. This low
residue is due to the aliphatic nature of the bio-based resin. The IDT, T50, and residue700
of the matrix are reported in Table 8.
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Figure 46. Representative TGA thermogram and derivative weight of the matrix in N2 and air
atmosphere

Table 8
Thermogravimetric Properties of the Matrix (100NC514S) in N2 and Air
IDT
(°C)a

T50%
(°C)b

Residue700
(%)c

Nitrogen

321 ± 3

390 ± 3

0.41 ± 0.03

Air

310 ± 4

384 ± 5

0.35 ± 0.05

Atmosphere

a

Determined as the temperature at 5% weight loss; bDetermined as the temperature at 50% weight loss
c
Residue at 700 °C
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Figure 47. Representative DSC curves comparison of the matrices (100NC514S) cured
for 5hrs and 24hrs

Figure 47 shows an increase in Tg when NC514S-EPIKURE W was cured for 24
hours. Also, Figure 48 shows the tensile property comparisons of the matrices cured for 5
hours and 24 hours. It can be observed that 24-hour curing of the matrix results in
slightly higher tensile strength and modulus properties. The decrease in strain properties
of the 24-hour cured matrix indicates that the mobility of the polymer chain is hindered
by its crosslink structure [202]. Table 9 shows the Tg and tensile property comparisons of
the matrices cured for 5 hours and 24 hours.
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Figure 48. Tensile properties comparison of the matrices (100NC514S) cured for 5hrs
and 24hrs

Table 9
Tg and Tensile Properties Data of the Matrices Cured for 5hrs and 24hrs
Tg
(°C)a

Tensile Strength
(MPa)

Tensile Modulus
(GPa)

Tensile Strain
(%)

100NC514S - 5 hrs

41

2.1 ± 0.2

0.6 ± <0.1

179.8 ± 7.6

100NC514S - 24 hrs

13  1

2.7 ± 0.3

0.9 ± 0.2

153.3 ± 5.0

Matrices

aDetermined

via DSC
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In this dissertation, it is desired that maximum damping should occur at room
temperature. Also, the 24-hr cured matrix has a greater epoxy extent of cure, better Tg
based on DSC, higher IDT in air and N2, and higher tensile strength and tensile modulus
than the 5-hr-cured matrix. The 24-hr cured matrix is also less flexible than the 5-hrcured matrix. Thus, for the succeeding matrix and composite fabrications, 24-hour curing
was used.
The matrix is the primary contributor to the viscoelastic damping in CFRPs [52].
However, adding high-modulus fibers to the polymer matrix would reduce the damping
characteristic of the composites [52]. Thus, short, randomly oriented RCFs were chosen
as the reinforcement for this research as they have a lower modulus than CCFs (Table 4)
and CTRCFs. Also, discontinuous short, randomly oriented fibers tend to dissipate more
energy than long fibers due to high shear concentrations at the fiber ends [52]. In
addition, the presence of impurities at the surface of RCFs and lack of fiber sizing (Figure
31) would decrease the fiber-matrix interfacial bonding in the composites [203]. A weak
interfacial bond between the matrix and the reinforcement dissipates more energy than
good interfacial bonding, which is suitable for damping applications. In addition,
debonding can increase the stick-slip friction between the matrix and the fibers, resulting
in better damping properties [52]. Also, based on Table A3 and to reduce the cost of
fabricating the composites, RCFs were chosen over CTRCFs since there is no significant
difference between the tensile strength, modulus, and strain properties of the two
composites.
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When preparing the composites, the amount of the matrix was overestimated to
ensure complete wetting of the fibers. Thus, a 1:1 fiber-matrix ratio was used. During the
compression molding process, a pressure of 1500 psi compressed the fiber and matrix
mixture to ensure good compaction of the composites. However, using this pressure
results in the resins escaping the mold during the curing process. Thus, TGA was used to
verify the final composition of the matrix and the fibers in the composites following the
method of D’Angelo [15]. As shown in Figure 49, heating in an inert atmosphere (N2) up
to 500 °C degrades the resin component. The 1st derivative TGA peak clearly shows this
degradation at around 20 minutes. Then the temperature is lowered to 350 °C, and the
atmosphere is switched to air. Finally, the temperature is raised again to 550 °C to burn
slowly but completely over the range of temperatures the resin's char residue without
significantly affecting the graphitic carbon fibers. The residue degradation can be
identified as the 1st derivative peak at around 60 minutes. At the 70th minute, where the
dW/dt is assumed to be zero (as shown by the plateaued line), the char degradation is
assumed to be completed. Further weight loss after the 70th minute can be attributed to
recycled carbon fiber degradation [204].
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Figure 49. Representative TGA thermogram and derivative weight of the composites
where solid lines are weight loss (%) and broken lines are derivative weight (% / °C)

Table 10 shows the TGA thermograms, density, and volume of voids of the
composites. The final fiber contents of C-50RCF-50NC514S_1500 and C-25RCF75NC514S_750 are about 61% and 50%, respectively. Adding RCFs into the matrix
increases the thermal stability of the composites, as shown by the increase in IDT. From
Figure 50, SEM images of the composites show few voids within the cross-sections of
the composites. Thus, the theoretical densities of the composites were computed to
estimate the volume of voids in the composites. Based on Table 10, and despite using a
manual lab-scale process, composites were produced with a low void%. These results
suggest that adequate compaction was achieved during the compression molding process.
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However, these voids can still influence the mechanical performance of the composites
[201].

Table 10
TGA, Density, and Void% Data of the Composites

Materials

IDT
(°C)a

RCFs
Contents
(wt%)

RCFs
Content
(vol%)b

Theoretical
Density
(g/cm3)c

Experimental
Density
(g/cm3)d

Vv(%)e

C-50RCF-50NC514S_1500

353 ± 14

61 ± 7

49 ± 8

1.39 ± 0.05

1.35 ± 0.04

3 ±1

C- 25RCF-75NC514S_750

350 ± 6

50 ± 5

39 ± 5

1.32 ± 0.03

1.26 ± 0.02

5 ±2

aDetermined

as the temperature at 5% weight loss (heating rate 20 °C/min); bComputed by converting weight fraction

to volume fraction (𝑉𝑓 =

𝑊𝑓 /𝜌𝑓

); cComputed using the formula T = mVm + fVf (where: m and Vm are density

𝑊𝑓 (1−𝑊𝑓 )
+
𝜌𝑓
𝜌𝑚

and volume fraction of the matrix, respectively, f and Vf are density and volume fraction of the fibers, respectively);
dMeasured according to Archimedes' principle at 25 °C; eComputed using the formula
Vv = [(T - E)/T]*100, where Vv = void volume.

(a)

(b)

Figure 50. SEM images of cross-section (a) C-50RCF-50NC514S_1500 and
(b) C-25RCF-75NC514S_750 composites at 500x magnification
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The viscoelastic damping characteristics of recycled carbon fiber reinforced
cardanol-based epoxy composites were investigated via DMA. The matrix and the
composites are rubbery at room temperature (25 °C). Figure 51 shows the
thermomechanical properties of the matrix and the composites.
The storage modulus is an elastic response of materials when subjected to stresses
and indicates the ability of materials to maintain energy [205]. It gives information about
the stiffness and fiber-matrix interfacial bonding of composites [205]. The addition of
fibers into the matrix reduces the mobility and deformability of the matrix [206]. The
higher the fiber content, the higher the storage modulus increase measured at -50 °C. The
glassy storage modulus of the C-25RCF-75NC514S_750 composite increases by 424%,
while the C-50RCF-50NC514S_1500 increases by 506% compared to the storage
modulus of the cured matrix. Beyond the glass transition region, the storage modulus of
the matrix and composites decreases in the rubbery region due to the increase in mobility
of the polymer chains of the matrix above their Tg [207]. Based on DMA data, the
average minimum rubbery storage modulus of the matrix is 0.82  0.12 MPa. Also,
using the theory of rubber elasticity [197] and Equation (31), the average cross-link
density of the matrix is 98  13 mol/m3.
The loss modulus measures the viscous response of a material [208]. The
maximum heat dissipation occurs at the temperature at which the loss modulus value is at
a maximum [209]. This peak from the loss modulus curve can represent the Tg of a
material. This Tg from the peak of loss modulus is a conservative assignment compared to
the temperature at which the peak of the tan  occurs because it is closer to the E' onset
temperature values. The Tg of the matrix was determined to be 10 ± 1 °C (Table 11). The
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addition of RCFs increases the Tg of the C-25RCF-75NC514S_750 and C-50RCF50NC514S_1500 composites to 18 °C and 19 °C, respectively. The shifting of Tg to
higher temperatures indicates that the mobility of the polymer chains is hindered and has
improved thermal properties [131], [205], [210]. However, the polymeric fraction still
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maintains a significant loss modulus peak centered at room temperature.
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Figure 51. Representative storage and loss modulus curves of the matrix and composites
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Table 11
DMA Data of the Matrix and the Composites
E'
(GPa)a

E'onset
(°C)b

Tg
(°C)c

Tg
(°C)d

Matrix (100NC514S)

2.3 ± 0.02

12 ± 1

10 ± 1

28 ± < 1

C – 25RCF-75NC514S_750

12.1 ± 2.6

11 ± < 1

18 ± 1

24 ± < 1

C – 50RCF-50NC514S_1500

14.0 ± 1.9

12 ± < 1

19 ± < 1

26 ± 1

Materials

a

E' measured at -50 °C; bE'onset point taken as the intersection point of the tangent straights; cTg measured
as the temperature from the peak of loss modulus; dTg measured as the temperature from the peak of tan .

DMA determined the damping characteristics of the matrix and the composites.
Tan  (or damping factor) is the ratio of the loss modulus to the storage modulus and
represents the damping capacity of materials. From Figure 52, the tan  values are low in
the glassy region, reaches the maximum in the transition region, and then have low values
again in the rubbery region. Tan  values are low in the glassy region because the
polymer chains are frozen, and the thermal energy applied is low to bring motion [211].
Tan  values are also low in the rubbery region because there is lesser resistance for the
polymer chains to move [52-53]. Adding fibers into the matrix increases the stiffness and
thus decreases damping characteristics of the composites [206]. This decrease in tan 
value of the composites indicates strong intermolecular and physical interactions at the
fiber-matrix interface. Incorporating fibers in the cardanol-based epoxy matrix lowers the
viscoelastic damping factor because fibers carry greater stress and allow only a small part
to strain the interface [206].
112

According to the literature [52], damping could be improved by increasing the
matrix volume fraction at the expense of stiffness and strength. Thus, composites C25RCF-75NC514S_750 were prepared using a fiber-matrix weight ratio of 1:3 and a
compression pressure of 750 psi. After the compression process, resin excess was
observed to escape from the mold such that the resulting composites have 50 wt% fiber
and 50 wt% matrix contents. Figure 52 shows that the addition of RCFs results in a
decrease in the damping characteristics of the matrix. Table 12 shows that increasing the
matrix content for the C-25RCF-75NC514S_750 composites resulted in just  9%
increase in the tan  value compared to the C-50RCF-50NC514S_1500 composites.
Therefore, an increase in the matrix content and decrease in compression pressure was
not explored in this research since approximately 14% decrease in storage modulus was
observed in C-25RCF-75NC514S_750 composites compared to C-50RCF50NC514S_1500 so as not to sacrifice the fiber-matrix compaction (thus increasing
voids), modulus, stiffness, and strength. In addition, based on the Tg from the peak of tan
 and FWHM of the peaks, even with the addition of RCFs to the matrix, all materials
were observed to have a similar temperature at which maximum damping will occur (i.e.,
at room temperature).
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Figure 52. Representative tan  curves of the matrix and the composites

Table 12 shows the cardanol-based epoxy matrix tan  values or damping
properties of the cured matrix and composites compared to commercially available
rubbery damping materials (KRAIBON® Damp (SUT9609/24) and SMACWRAP®). It
can be observed that the cured cardanol-based epoxy matrix has a maximum tan  value
of 1.07  0.11 at 1 Hz (occurring at T = 28 ± < 1 °C), which is close to the maximum tan
 value (1.1 at 100 Hz) of KRAIBON® Damp (SUT9609/24) approximately at 15 °C and
40 °C [212] and SMACWRAP® with maximum tan  value of 1.2  0.11 from 0 to 600
Hz [213]–[215]. However, adding this rubbery layer may affect properties such as
thickness, tensile strength, modulus, stiffness, and overall integrity of the laminates [50].
In addition, delamination may also occur due to poor bonding between the epoxy and the
114

rubbery layers. The advantage of using a cardanol-based matrix is that it can be
reinforced with RCFs so that the mechanical properties of the laminates will not be
sacrificed. It can also prevent delamination and improve the bond between the brittle and
the flexible damping composite layers in laminates.

Table 12
Tan  Comparisons
Tan  (max)

Materials
Matrix (100NC514S)

1.07 ± 0.11 (1 Hz)

C-25RCF-75NC514S_750

0.37 ± 0.03 (1 Hz)

C-50RCF-50NC514S_1500

0.34 ± 0.02 (1 Hz)

KRAIBON® Damp (SUT9609/24)

1.1 (100 Hz) [212]

SMACWRAP®

1.2 (0 to 600 Hz) [213]–[215]

Multifrequency DMA using a Temperature Step/Frequency Sweep was finally
performed to the effect of increasing frequency to the temperature at which maximum
damping will occur. Based on Figure 53 and Table 13, similar storage modulus, Tg from
the loss modulus peak, and Tg from the peak tan  were observed with increased
frequency. Also, similar tan  values were observed when the frequencies were increased
to 5 and 10 Hz. Nevertheless, it is worth noting that the temperature at which maximum
damping (peak of tan ) occurs at room temperature, even with increased frequency.
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Figure 53. Representative DMA thermograms of the cured matrix with increasing
frequency

Table 13
Multifrequency Data of the Matrix

Frequency

E'
(GPa)a

Tg
(°C)b

Tg
(°C)c

Tan 

1 Hz

2.3  0.1

5 <1

25  < 1

0.88  0.06

5 Hz

2.3  0.1

10  < 1

25  < 1

0.83  0.02

2.3  0.1

10  < 1

27  3

0.82  0.03

10 Hz
a

b

E' measured at -50 °C; Tg measured as the temperature from the peak of loss modulus; cTg measured as the
temperature from the peak of tan .
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4.1.5 Characterization of the Composite Laminates
In this dissertation, composite laminates were fabricated to determine the
mechanical and damping characteristics of composite laminates interleaved with
cardanol-based epoxy resin and cardanol-based epoxy composites.
Fabricating the laminates using higher compression pressure distorts the prepregs
fiber tows (Figure A4), and not using compression pressure (0 gage pressure) results in
gaps between composite layers (Figure A5). Thus, a compression pressure of 50 psi was
used to fabricate the laminates to avoid distortion of the prepreg fiber tows (Figure A6).
Prior to fabricating the laminates, characterization of the composites (laminates damping
layer) fabricated at 50 psi was initially performed. For the composites fabricated at 50
psi, it is assumed that the initial composition of the matrix and the fibers are the same as
their final composition after compression molding. Table 14 shows the density and DMA
data of the composites fabricated at 50 psi. From Table 14 and Figure 54, adding fibers
into the matrix reduces the mobility and deformability of the matrix [206], and the higher
the fiber content, the higher the storage modulus measured at -50 °C. The glassy storage
modulus of C-25RCF-75NC514S_50 composites increased by 300%, while the C50RCF-50NC514S_50 increased by 413% compared to the storage modulus of the
matrix. Comparing the results to Table 11 (composites fabricated at 1500 psi and 750
psi), the composites fabricated at a much lower pressure (50 psi) have lower density and
lower storage E' due to reduced compaction of the composites. However, from Figure 55,
similar E' onset, Tg based on the loss modulus peak, Tg based on the tan  peak, and
damping value (tan  max) were observed for all composites.
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Table 14
Density and DMA Data of the Composites Fabricated at 50 psi
Composites

Density
(g/cm3)a

E'
(GPa)b

E'onset
(°C)c

Tg
(°C)d

Tg
(°C)e

Tan 

C-50RCF-50NC514S_50

1.34 ± 0.01

11.8 ± 1.6

14 ± 2

20 ± 1

29 ± 1

0.28  0.03

C-25RCF-75NC514S_50

1.21 ± 0.01

9.2 ± 1.5

18 ± 2

23 ± 1

28 ± 2

0.42  0.08

according to Archimedes' principle at 25 °C; bE' measured at -50 °C; cE'onset point taken as the intersection
point of the tangent straights; dTg measured as the temperature from the peak of loss modulus; eTg measured as the
temperature from the peak of tan 

Loss Modulus (MPa)

Storage Modulus (MPa)

aMeasured

C - 50RCF - 50NC514S_50
C - 25RCF - 75NC514S_50
10000
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Figure 54. Representative storage and loss modulus curves of the composites fabricated
at 50 psi
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Figure 55. Representative tan  curves of the composites fabricated at 50 psi

CFRP laminates were fabricated via compression molding following the stacking
sequence in Figure 27. The thickness and densities of the laminates are provided in Table
15.

Table 15
Thickness and Density Data of the Laminates

Thickness (mm)

Density (g/cm3)a

L – Unmodified

1.67  0.02

1.507  0.006

L – 50RCF-50NC514S

2.08  0.02

1.497  0.016

L – 25RCF-75NC514S

1.97  0.02

1.491  0.004

L – 100NC514S

1.68  0.03

1.500  0.010

Laminates

a

Measured according to Archimedes' principle at 25 °C
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The thermomechanical properties of the CRFP laminates were evaluated via
DMA. Figure 56 shows the storage and loss modulus curves of the laminates. At room
temperature, L-Unmodified and L-100NC514S show similar storage modulus values.
These similar values mean that the stiffness of the laminates was not sacrificed even with
adding a thin coating of NC514S resin in between prepregs layers. However, adding
RCFs results in a slight decrease in the storage modulus of the laminates. It is
hypothesized that the presence of defects in the L-25RCF-75NC514S and L-50RCF50NC514S laminates could have contributed to the slight decrease in the storage modulus
values [206]. Applying a thin coating of NC-514S resin between the prepregs layers
results in a lower Tg value (Table 16). Also, we can see a broadening of the loss modulus
peak as the wt% of RCFs is increased. This broadening can be attributed to the
enhancement in chain segment and more free volume with the addition of fibers in the
laminates [206]. L-25RCF-75NC514S and L-50RCF-50NC514S laminates show similar
modulus peak Tg with the L-Unmodified laminate.
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Figure 56. Representative storage and loss modulus curves of the laminates fabricated at
50 psi

Tan  also known as the damping factor, indicates how efficiently the material
loses energy to molecular rearrangements and internal friction [208]. The evaluation of
only the peak height of the tan δ is not sufficient to characterize the damping performance
of laminates, especially for applications that require good damping performance over a
broad temperature range [216]. The broadening of tan  is essential because it implies a
better fracture toughness and thus a better ability to prevent crack propagation and brittle
fracture [50], [217]. The broadening of tan  can be quantified by calculating the tan 
peaks’ relative change in width of the tan  peak to its height, known as the full width at
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half maximum (FWHM). It can be observed from Figure 57 and Table 16 that the
FWHM of the modified laminates (L-50RCF-50NC514S, L-25RCF-75NC514S, and L100NC514S) increased significantly compared to L-Unmodified, which indicates
enhanced heterogeneity of the materials [218]. The increased FWHM of all modified
laminates widens energy dissipation to lower temperatures (L-50RCF-50NC514S: 110 °C
– 169 °C, L-25RCF-75NC514S: 113 °C – 167 °C, and L-100NC514S: 95 °C – 143 °C)
indicating a potential damping enhancement [219]. This widening of the tan  is
correlated with the partial loosening of the polymer structure so that the matrix segments
can shift [202]. The shift to a lower temperature of the tan  peak of the L-100NC514S
indicates a lower reversible energy storage capacity (Gibbs free energy) [218]. The
decrease in tan  peak for the L-25RCF-75NC514S and L-50RCF-50NC514S compared
to the L-Unmodified laminate can be attributed to the participation of the cardanol resin
and RCFs in the epoxy resin of the prepregs. This interaction brings heterogeneity to the
cross-linked network [218]. The interaction of the modified laminate components (i.e.,
prepregs epoxy resin, prepregs carbon fibers, cardanol-based epoxy, and RCFs) results in
more heterogeneous materials and, thus, a decrease in tan  values [218]. Since the
matrix is the primary contributor to the viscoelastic damping of composites, L-25RCF75NC514S has a higher tan  peak than L-50RCF-50NC514S. Also, the L-Unmodified
laminate shows a similar tan  peak to L-100NC514S, but narrower peak, which
describes a laminate interface with good adhesion between the fibers and the matrix
[218].
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Figure 57. Representative tan  curves of the laminates fabricated at 50 psi

Table 16
DMA Data of the Laminates Fabricated at 50 psi

E'
(GPa)a

Tg
(°C)b

Tg
(°C)c

Tan 

FWHMd

L - Unmodified

22.1 ± 0.7

135 ± 3

139 ± 2

0.377 ± 0.018

17.8± 0.2

L - 100NC514S

22.5 ± 0.5

111 ± 3

119 ± 3

0.360 ± 0.007

24.1 ± 0.8

L - 25RCF-75NC514S

19.3 ± 0.8

131 ± 6

140 ± 2

0.278 ± 0.04

27.0 ± 5.7

L - 50RCF-50NC514S

18.2 ± 0.4

122 ± 5

140 ± < 1

0.208 ± 0.004

29.2 ± 2.7

LAMINATES

aE'

measured at 25 °C; bTg measured as the temperature from the peak of loss modulus; cTg measured as the temperature
from the peak of tan ; dFWHM of tan  peak and is determined by using Gaussian Peak Analysis in Origin Pro
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A laminate with an unconstrained composite layer was fabricated to support the
claim that the decrease in tan  peak max value of the modified laminates compared to
the L-Unmodified is due to the interaction of the cardanol-based resin, RCFs, epoxy
resin, and carbon fibers of the prepregs. L-25RCF-75NC514SUnconstrained laminate was
produced by stacking equal volumes of 4 plies of prepregs and C-25RCF-75NC514S
composites. This laminate was fabricated to observe the effect of incorporating two types
of resins to the Tg and tan  of the laminates. Since the system is heterogenous or the
laminate components did not mix or form a homogeneous system, the loss modulus and
tan  curves from Figure 58 shows three peaks. The first peak at T = 40 °C is mainly
due to the glass transition temperature of the cardanol-based resin and the interaction
with the prepreg resin. The second peak at T = 88 °C is also due to the interaction of the
cardanol and prepreg resin. And lastly, the third peak at T = 133 °C is due to the Tg of
the prepregs. Tan  curve also shows three peaks similar to the loss modulus peaks, and
the data values are provided in Table 17.
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Figure 58. Representative thermomechanical property curves of the unconstrained
laminate

Table 17
DMA Data of the Unconstrained Laminates

Laminate
L –25RCF75NC514SUnconstrained

Peak of the Loss Modulus

Peak of Tan δ

Tg1 (°C)

Tg2 (°C)

Tg3 (°C)

Tg1 (°C)

Tan 1

Tg2 (°C)

Tan 2

40  1

88  <1

133  <1

42  2

0.05  0.02

89  1

0.20  0.03

A three-point bend test was performed to determine the interlaminar shear
strength of the laminates was determined by doing a 3-point bend test and the effect of
incorporating cardanol-based epoxy resin and RCFs on the flexural properties of the
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laminates. Figure 59 shows the flexural properties of the laminates. The application of a
thin coating of cardanol-based epoxy resin in between layers of the composite prepregs
shows increased flexural strength and flexural toughness compared to the L-Unmodified.
However, a decline in flexural strength values and flexural strain at break was observed
when L-50RCF-50NC514S laminates were fabricated. It is hypothesized that the reason
for this is that there could be voids within the cross-section of the laminates that result in
poor interfacial interaction between the fibers and epoxy resin. Also, the laminates were
fabricated manually; thus, incorporating C-50RCF-50NC514S composites might increase
defects within the cross-section of the laminates. The results of the flexural test for the L50RCF-50NC51S agree with the lower storage modulus values of L-50RCF-50NC514S
than L – Unmodified (Table 18). Similar flexural properties were observed between the
L-25RCF-75NC514S and L-Unmodified laminates. It is hypothesized that the possible
reason for not achieving the reinforcing effect of the RCFs is the presence of voids within
the cross-section of the laminates.
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Figure 59. Flexural properties of the laminates

Table 18
Flexural Properties of the Laminates
Flexural
Strength
(MPa)

Flexural
Strain
(%)

Flexural
Modulus
(GPa)

Toughnessa
(MJ/m3)

Densityb
(g/cm3)

L - Unmodified

990 ± 73

1.74 ± 0.07

60.6 ± 1.7

8.9 ± 1.1

1.51 ± 0.01

L - 100NC514S

1219 ± 61

2.09 ± 0.14

67.2 ± 6.6

13.9 ± 1.3

1.50  0.01

L - 50RCF-50NC514S

944 ± 65

1.59 ± 0.09

61.6 ± 2.8

7.6 ± 0.9

1.50 ± 0.02

L - 25RCF-75NC514S

1081 ± 48

1.81 ± 0.16

63.3 ± 3.2

10.1 ± 1.4

1.49 ± 0.01

a

Determined by taking the area under the stress-strain curve; bMeasured according to Archimedes' principle
at 25 °C

127

SEM was utilized to examine the cross sections of the laminates. As shown in
Figure 60, uniform longitudinal and cross-sectional distribution of carbon fibers in the
epoxy matrix were observed for both L-Unmodified and L-100NC514S laminates.
Uniform longitudinal and cross-sectional distribution of carbon fibers in the epoxy matrix
were also observed for both L-50RCF-50NC514S and L- 25RCF-75NC514S laminates
(Figure 61). Figure 61 also shows the C-xRCF-yNC514S composites layer sandwiched
between prepreg layers. It can be observed that the RCFs were randomly distributed
within the cardanol-based epoxy matrix. However, it can be observed that L-50RCF50NC514S and L-25RCF-75NC514S laminates (Figure 62) have voids within their cross
sections (as hypothesized previously). These voids could have contributed to a decrease
in flexural properties of the laminates since voids give rise to low-stress transfer from the
matrix to the RCFs. Introducing voids cannot be avoided since the laminates were
fabricated in a manual lab-scale environment. Also, only 50 psi pressure was used in
compression molding the laminates. This pressure might not be sufficient to remove air
bubbles and help the resin penetrate small voids between carbon fibers. The flexural test
results agree with the lower storage modulus values of L-50RCF-50NC514S and L25RCF-75NC514S compared with L-Unmodified (Table 18). Also, the voids within the
cross-section of L-25RCF-75NC514S could be the reason for not achieving the
reinforcing effect of the RCFs even with the decrease in fiber content (increase in
cardanol resin content) in the laminates.
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Prepregs Carbon Fibers
(cross-sectional view)

Prepregs
Epoxy Resin

Prepregs Carbon Fibers
(longitudinal view)

(a)
Prepregs Carbon Fibers
(cross-sectional view)
Prepregs Epoxy Resin
Prepregs Carbon Fibers
(longitudinal view)

Prepregs Epoxy Resin +
Cardanol-based Epoxy Resin

(b)
Figure 60. SEM micrographs showing the longitudinal and cross-sectional uniform
distribution of carbon fibers in an epoxy matrix of (a) L-Unmodified and (b) L100NC514S laminates.
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(a)
Prepregs Carbon Fibers
(Longitudinal view)
Prepregs Epoxy Resin

RCFs + Cardanol-based
Epoxy Resin

(b)
Figure 61. SEM micrographs showing the C-xRCF-yNC514S composites in between
prepregs layers of (a) L-50RCF-50NC514S, and (b) L-25RCF-75NC514S laminates.
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Voids

Voids

(a)
(b)
Figure 62. SEM micrographs showing voids within the cross sections of the laminates (a)
L-50RCF-50NC514S, and (b) L-25RCF-75NC514S

Tukey’s – HSD ANOVA at a 95% confidence level (Table A5) shows that there is
a significant difference (p-value < 0.05) between the flexural strength, flexural strain, and
flexural toughness between L-25RCF-75NC514S and L-50RCF-50NC514S laminates,
between L-100NC514S and L-50RCF-50NC514S laminates, between L-100NC514S and
L-25RCF-75NC514S, and between L-Unmodified and L-100NC514S (Figure 63a and
Figure 64a-b). However, there is no significant difference between the flexural strength,
flexural strain, and flexural toughness between L-Unmodified and L-50RCF-50NC514S
laminates and between L-Unmodified and L-25RCF-75NC514S laminates. Also, Figure
63b and Table A5 show that the four types of laminates have no significant difference in
their flexural modulus. In summary, the result of Tukey’s HSD ANOVA tells us that for
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applications that need better flexural strength, flexural strain, and flexural toughness, the
material suited for this application is the L-100NC514S laminate.
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Figure 63. Box plots comparing the flexural properties of the laminates: (a) flexural
strength, and (b) flexural modulus
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Figure 64. Box plots comparing the flexural properties of the laminates: (a) flexural
strain, and (b) flexural toughness
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The Cole-Cole plot, also known as the Wicket plot, is used to interpret the
relationship between the storage and loss modulus values of a material [207]. The plot is
constructed to understand the changes in molecular structure occurring in the polymer
composites due to the reinforcement of fibers [220]. Cole-cole plot shapes describe
homogeneity if the plot is indicated by a smooth, semicircular arc, while elliptical and
imperfect or irregular shape signifies heterogeneity [207], [221]. From Figure 65, the LUnmodified laminate shows a smooth elliptical shape arc, indicating a heterogeneous
system [222], [223]. L-100NC514S best approaches the semicircular shape, indicating a
homogeneous system [224]. Applying a thin coating of cardanol-based epoxy resin
between prepregs layers contributes to better mechanical performance, as shown by the
flexural test results. The addition of RCFs shows a deviation from the semicircular shape
resulting in the laminate becoming more heterogeneous [220]. The irregular-shaped arc is
more prominent for L-50RCF-50NC514S, indicating poor interfacial interaction of the
components [207]. The laminates' lower storage modulus, flexural strength, and
toughness properties of the L-50RCF-50NC514S laminate corroborate with the poor
interfacial interaction of the component as indicated by its wicket plot.
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Figure 65. Representative Cole-Cole (Wicket) plot of the laminates

4.2 Particle-Reinforced Composites
As the perspective use is focused on damping, the following section discusses
how PTPs additions to the cardanol-based epoxy resin will impact the damping
characteristics of the composites. Also, the effects of adding PTPs to the thermal,
mechanical, and thermomechanical properties of cardanol-based epoxy resins are
discussed.
4.2.1 Characterization of Pyrolyzed Tire Particles (PTPs)
Figure 66a-c shows the surface morphology of the as-received PTPs (pyrolyzed at
500 °C at a rate of 8 °C/min for 150 mins). The particles have (a) varied particle size
(Figure B1) and shape distribution, (b) rough surfaces, and (c) porous. Because of the
varied particle size and shape distribution, the as-received PTP cannot be used as
134

reinforcements for composites. In addition, using the as-received particles will result in
insufficient homogeneity and low impact strength as the particles act as crack initiation
sites [225]. Thus, the PTPs were ground and sieved using a screen of 45 microns mesh
size to yield fine particles (Figure B3) and were vacuum dried at 200 °C for 7 days to
remove moisture. Figure 66d shows the ground PTPs with sizes smaller than 45 microns.
The particles have a density of 0.896 ± 0.019 g/cm3.

(a)

(b)

(c)

(d)

Figure 66. SEM micrographs of the PTPs (a) as received particles at 200X magnification,
(b) rough surfaces at 500X magnification, (c) porous image at 2500X magnification, (d)
ground PTPs at 200X magnification
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The thermal degradation of the PTPs was analyzed, and the TGA thermograms in
N2 and air atmospheres are provided in Figure 67. The main weight loss at around 279
°C (air) and 301°C (N2) is due to the degradation of rubber components [226]. Stages 2
and 3 weight losses are due to the rupture of the C-C bonds of the carbonaceous
components of the PTPs [226]. At the end of the run (at 900 °C), solid residues above
25% are observed in both N2 and air atmospheres due to minerals, metallic oxides, and
other heavy metals [226]. The IDT, T50, and residue900 °C (%) of the PTPs are reported in
Table 19.
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Figure 67. Representative TGA thermograms and derivative weights of the matrix in (a)
air and (b) N2 atmosphere
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Table 19
Thermogravimetric Properties of PTPs in N2 and Air Atmosphere

a
c

Pyrolyzed
Tires

IDT
(°C)a

T50
(°C)b

Stage 2
(°C)

Stage 3
(°C)

Residue900
(%)c

Air

279  10

462  3

465  4

724  9

26  < 1

N2

301  2

616  78

760  30

----

27  1

b

Determined as the temperature at 5% weight loss; Determined as the temperature at 50% weight loss
Residue at 900 °C

4.2.2 Matrix Extent of Cure
Cardanol-based epoxy resin, NC514S, was cured by adding a stoichiometric
amount of EPIKURE W and the curing accelerator GX5593-2. The curing accelerator
GX5593-2 is a mannich reaction product of phenol, formaldehyde, and dimethylamino
propylamine. It was added to the resin structure to prevent particles from settling and
promote the randomly distributed particles within the matrix. The simplified structures of
NC514S and EPIKURE W are shown in Figure 68. The resulting cured polymer is flexible
at room temperature and has a light brown color.

(a)

(b)

Figure 68. Simplified structures of (a) epoxidized cardanol resin, NC514S and curing
agent, EPIKURE W
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Figu 69 shows the near-IR spectra of uncured and cured cardanol-based epoxy
resin with the curing accelerator. The disappearance of the peaks at 4530 cm-1 represents
a high epoxy extent of cure and has a value of X(Epoxy) = 99.17 ± 0.17%. The peak at
5000 cm-1 represents the amine extent of cure and has a value of X(Amine) = 70.58 ±
5.90%. The presence of the curing accelerator and the faster curing rate could have
contributed to an excess amine and, thus, a lower amine extent of cure.

Oxirane

Unreacted
Reacted

Absorbance

Primary
Amine

7000

6500

6000

5500

5000

4500

Wavenumber (cm-1)
Figure 69. Representative near-IR spectra of the uncured and cured cardanol-based epoxy
resin
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4.2.3 Rheology of Uncured Matrix and Composites
Rheology is a study that describes the deformation of the material and flow of
matter under the influence of stresses [167]. Rheology is important in (1) the design of
shape-forming process equipment (i.e., extruders, dies, and mold); (2) coating
applications; (3) quality control purposes to minimize batch-to-batch variations [227]–
[229]. In this research, rheological characterization was performed to determine the
viscosity of the uncured matrix and composites. Table 20 and Figure 70 show the
average viscosities of the uncured matrices and composites at 25 °C and 35 °C (to check
the effect of increasing the temperature to the viscosity of the uncured matrix and
composites) at a shear range of 1 to 100 s-1. Table 20 shows that the addition of the
curing accelerator (GX5593-2) increases the average viscosity of the matrix. It is
hypothesized that the increase in average viscosity of 100NC514SGX5593-2 is because the
tertiary amines, phenols, and maybe secondary amines of the curing accelerator promote
epoxy (homo/co)-polymerization. Also, from Figure 70, increasing the PTPs content
increases the average viscosity of the composites. This increase is due to the particleparticle network established at high concentrations of particles [230].
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Table 20
Average Viscosities (ave) at a Shear Rate Range of 1 to 100 s-1
Avea
(Pas)

Aveb
(Pas)

100NC514S

1.60 ± 0.03

0.70 ± 0.01

100NC514SGX5593-2

3.84 ± 0.20

3.01 ± 0.47

C - 2PT-98NC514S

4.78 ± 0.18

4.09 ± 0.39

C - 10PT-90NC514S

9.44 ± 3.08

8.20 ± 4.01

C - 25PT-75NC514S

15.30 ± 1.59

11.48 ± 1.27

C - 50PT-50NC514S

179.93 ± 24.22

147.69 ± 32.51

Materials

Average Viscosity (Pas)

aMeasurements

taken at 25 °C; bMeasurements taken at 35 °C
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Figure 70. Average viscosity values of the matrices and composites
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The viscosity as a function of shear rate (logarithmically ramped from 1 to 100 s1

) of the matrices with and without a curing accelerator are plotted in Figure 71 to explain

the viscosity of each material. For the matrix (Figure 71a) with no curing accelerator
(NC514S+EPIKURE W), the viscosity is constant because the aromatic amine
(EPIKURE W) requires a high temperature for curing to occur (less reactive than
aliphatic amines at room temperature) [74]. For the matrix (Figure 71b) with curing
accelerator (NC514S+EPIKURE W + GX5593-2), there is an increase in viscosity with
an increase in shear rate (shear-thickening), and this is because the tertiary amines,
phenols, and maybe secondary amines of the curing accelerator promote epoxy
(homo/co)-polymerization during the conduct of the rheology experiment. For the plot of
composite mixtures, we can see that higher particle loadings lead to higher viscosities
[231]. For the matrices (NC514S+EPIKURE W + GX5593-2) containing a low volume
fraction of PTPs (Figure 71c-d), 2.34% (2 wt%), and 11.54% (10 wt%), there is an
increase in viscosity with an increase in shear rate (shear-thickening), and this is due to
the polymerization of the epoxy resin. The high-volume fraction composites (Figure 71ef), 28.13% (25 wt%) and 54.01% (50 wt%) show high viscosity at a low shear rate. The
high viscosity is due to the particle-particle network established at a high concentration of
particles (above 20% by volume), promoting highly non-Newtonian behavior [230]. At
low shear rates, the particle-particle network prevents material flow [232], [233]. As the
shear rate increases, the particle network breaks, particles are redistributed within the
matrix, and the material starts to flow [232], [233]. At high shear rates, the particles are
uniformly dispersed within the matrix [232].
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Figure 71. Representative viscosity as a function of shear rates of the uncured matrix (a)
without curing accelerator (100NC514S), (b) with curing accelerator (100NC514SGX55932), and composites with varying PTPs content, (c) C-2PT-98NC514S, (d) C-10PT90NC514S, (e) C-25PT-75NC514S, and (f) C-50PT-50NC514S
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Figure 72. Representative viscosity as a function of step time of the uncured matrix (a)
without curing accelerator (100NC514S), (b) with curing accelerator (100NC514SGX55932), and composites with varying PTPs content, (c) C-2PT-98NC514S, (d) C-10PT90NC514S, (e) C-25PT-75NC514S, and (f) C-50PT-50NC514S
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Figure 72 shows the plot of the viscosity as a function of step time, where the
shear rate was ramped logarithmically from 1 to 100 s-1 (increasing shear rate) and 100 to
1 s-1 (decreasing shear rate). For the composites with 25 and 50 wt% PTPs, it can be
observed that after the 11.21 min run, the particles are uniformly dispersed within the
matrix [232]. The increase in viscosity is due to the homopolymerization of epoxy.
Also, increasing the temperature results in a decrease in the viscosity of the uncured resin
systems [234]. However, the effect of temperature for the composites with 50 wt% PTPs
(Figure 72f) is not evident because of the strong particle-particle network that prevents
material flow.
To further study the increase in viscosity of the materials during rheology
experiments, the IR spectra of the matrix with curing accelerator (NC514S+EPIKURE
W+GX5593-2) and the matrix (NC514S+EPIKURE W) without the accelerator were
taken as a function of time. Figure 73a shows the IR spectra of the matrix with GX5593-2. The experiment was performed to show how fast the epoxy reacts with the
curing agents. From t = 0 up to t = 6 hours, and zooming in at the oxirane peak, we can
see from Figure 73b that the oxirane peak area decreases faster than the area of the
oxirane peak of the matrix without curing accelerator (Figure 74c). This faster decrease
of the oxirane peak of the 100NC514SGX5593-2 matrix tells us that the tertiary amines,
phenols, and maybe secondary amines of the curing accelerator promote epoxy
(homo/co)-polymerization. Also, the amine peaks are slightly decreasing with an increase
in time for both matrices (Figure 73c and Figure 74c) and thus could have contributed to
the low amine extent of cure.
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Figure 73. Near-IR spectra of the matrix with curing accelerator (NC514S+EPIKURE
W+GX5593-2) as a function of time (a) taken within 6 hrs, (b) zoomed epoxy peaks, and
(c) zoomed amine peaks

146

(a)

Absorbance

Oxirane

Primary
Amine

7000

6500

6000

5500

5000

4500

Wavenumber (cm-1)
(c)

Absorbance

t=0
t = 10 mins
t = 30 mins
t = 1 hr
t = 2 hrs
t = 3 hrs
t = 4 hrs
t = 5 hrs
t = 6 hrs

4550

4540

4530

4520

4510

Absorbance

(b)

5100

4500

5080

5060

5040

5020

5000

Wavenumber (cm-1)

Wavenumber (cm-1)

Figure 74. Near-IR spectra of the matrix (NC514S+EPIKURE W) as a function of time
(a) taken within 6 hrs, (b) zoomed epoxy peaks, and (c) zoomed amine peaks

The epoxy and amine conversions were computed and plotted for both matrices to
describe how fast the reaction happened quantitatively. The plot in Figure 75 shows how
much epoxy and amine are reacting. The slope of the matrix with GX5593-2 increases
faster than the matrix without a curing accelerator, and epoxy conversion reaches up to
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26.65% in 6 hrs. This higher epoxy conversion verifies the hypothesis that tertiary
amines, phenols, and maybe secondary amines of the curing accelerator promote epoxy
(homo/co)-polymerization, and thus, the increase in viscosity with an increase in shear
rate (shear-thickening) as seen in the rheology plots (Figure 71 and Figure 72). Also, the
slower amine conversion shown in Table 21 supports the claim that the lower amine
extent of cure (average of 71%) of the matrix with GX5593-2 is due to the excess amine,
as shown in Figure 75. The epoxy and amine conversion values of the two uncured
matrices are shown in Table 21.
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Figure 75. Epoxy and amine conversion of the matrices
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Table 21
Epoxy and Amine Conversions of the Matrices at Room Temperature

Time
(hr)

Matrix
(NC514S/EPIKURE W+GX5593-2)

Matrix
(NC514S/EPIKURE W)

Epoxy
Conversion (%)

Amine
Conversion (%)

Epoxy
Conversion (%)

Amine
Conversion (%)

0

0.0

0.0

0.0

0.0

0.2

2.4

0.0

0.0

0.0

0.5

5.0

0.5

0.1

0.3

1

9.3

0.9

0.2

0.6

2

15.1

1.8

0.3

0.9

3

19.0

3.3

0.5

1.5

4

22.4

4.7

0.8

2.1

5

25.2

5.4

1.2

2.3

6

26.7

5.8

1.2

2.8

4.2.4 Characterization of the Cured Matrix and Composites
The composites were prepared by mixing 2, 10, 25, and 50 wt% (2.34, 11.54, 28.13,
and 54.01 vol% respectively) of PTPs to the matrix with the curing accelerator. The curing
accelerator, GX5593-2, was used to prevent settling of the particles. Next, the resin/particle
mixture was mixed and defoamed (to remove the bubbles) using a planetary mixer. After
curing, the resulting composites were rubbery at room temperature. Also, the extent of cure
of the composites were not taken since they were also cured for 24 hours, and the matrix
shows high epoxy extent of cure.
The composites were dipped in liquid N2 to observe the distribution of the particles
within the cross-section of the matrix. The small fragments of composites were vacuumdried for at least an hour before obtaining the SEM images. SEM images were obtained at
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the top, middle, and bottom (as shown in the leftmost image of Figures 76-77 of the
composites) of the composites. Figures 76-77 show the cross-sections of the fabricated
composites. The particles were randomly distributed within the cross-section of the matrix.
GX5593-2 curing accelerator prevented the particles from settling at the bottom part of the
composites. However, increasing the particle content to 25 wt% and 50 wt% results in a
few voids (Figure 77a-b). These voids are due to trapped air within the cross-section of
the matrix. The composites with 50 wt% PTPs have the largest void sizes.

(a)

(b)

Top

Mid

Bottom

Figure 76. Optical image (left) and SEM micrographs of the cross-section of the
composites (a) C-2PT-98NC514S, (b) C-10PT-90NC514S
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(a)
(b)
Top

Mid

Bottom

Figure 77. Optical image (left) and SEM micrographs of the cross-section of the
composites (a) C-25PT-75NC514S, and (b) C-50PT-50NC514S magnified at 250X

TGA evaluated the thermal stability of the cured matrix with accelerator and the
composites. The initial degradation temperature (IDT), the temperature at 50 wt%
degradations (T50), and residue800 (%) are both determined in air and N2 atmospheres
(Table 22 and Table 23, respectively). From Figure 78 and Figure 79 (air and N2
atmosphere, respectively), the increase in IDT compared to the matrix was only observed
with the addition of 25 wt% up to 50 wt% PTPs, and similar IDTs were observed for
100NC514SGX5593-2, C-2PT-98NC514S, and C-10PT-90NC514S. However, for the C50PT-50NC514S composites, adding 50 wt% PTPs results in a lower IDT than C-25PT151

75NC514S (air and N2). This decrease in IDT could be attributed to the non-uniform
distribution of particles in the matrix and the presence of voids in the C-50PT-50NC514S
composites (Figure 77a). In the air atmosphere, increasing the wt% of PTPs, the wt% of
solid residue increases due to the presence of minerals (ZnS), metallic oxide, and other
heavy metals [226]. Also, in the N2 atmosphere, increasing the wt% of PTPs, the wt% of
solid residue increases due to the presence of combustible and carbonaceous materials
(carbon black), minerals (ZnS), metallic oxide, and other heavy metals [226].
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Figure 78. Representative TGA thermograms and derivative weights of the composites in
air where solid lines areweight loss (%) and broken lines are derivative weight (% / °C)
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Figure 79. Representative TGA thermograms and derivative weights of the composites in
N2 atmosphere where solid lines are weight loss (%), and broken lines are derivative
weight (% / °C)

Table 22
TGA Data of the Cured Matrix and Composites in Air

a
c

IDT
(°C)a

T50
(°C)b

Residue900
(%)c

100NC514SGX5593-2

301 ± 3

411 ± 4

0.27 ± 0.01

C – 2PT-98NC514S

298 ± 3

413 ± 4

1.03 ± 0.03

C – 10PT-90NC514S

303 ± 3

424 ± 2

2.88 ± 0.07

C – 25PT-75NC514S

330 ± 1

465 ± 1

5.57 ± 0.06

C – 50PT-50NC514S

316 ± 2

461 ± 1

14.03 ± 0.05

b

Determined as the temperature at 5% weight loss; Determined as the temperature at 50% weight loss;;
Residue at 900 °C
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Table 23
TGA Data of the Cured Matrix and Composites in N2

a
c

IDT
(°C)a

T50
(°C)b

Residue900
(%)c

100NC514SGX5593-2

309 ± 2

407 ± 2

0.48 ± 0.26

C – 2PT-98NC514S

310 ± 3

411 ± 1

1.82 ± 1.39

C – 10PT-90NC514S

313± 5

412 ± 1

4.55 ± 2.78

C – 25PT-75NC514S

335 ± 4

459 ± 1

18.00 ± 1.92

C – 50PT-50NC514S

326 ± 2

449 ± 10

29.05 ± 3.75

b

Determined as the temperature at 5% weight loss; Determined as the temperature at 50% weight loss
Residue at 900 °C

DMA was performed to understand the effect of PTPs on the viscoelastic
response of the cured matrix and composites. The storage modulus measures the elastics
response and is related to the stiffness of the material [211]. Figure 80 shows the storage
modulus curves of the cured matrix and the composites. Incorporating 2-10 wt% PTPs
does not affect the glassy storage modulus (E') values. Also, a stiffening effect (increase
in storage modulus) was observed when 25 wt% of PTPs were added to the matrix.
However, for C-50PT-50NC514S composites, adding 50 wt% PTPs results in lower
glassy storage modulus than C-25PT-75NC514S. This decrease could be attributed to
agglomeration, the non-uniform distribution of particles in the matrix, and the presence of
voids in the C-50PT-50NC514S composites (Figure 77b). The change in Tg of the filled
polymers is attributed to the nature of interactions (i.e., attractive, repulsive, or neutral)
between the polymer and particles [178]. Table 24 shows that the Tg (based on the peak
the loss modulus) of 100NC514SGX5593-2 is similar to the Tg of C-2PT-98NC514S and C10PT-90NC514S composites. The reason for these similar values is that the PTPs are
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uniformly dispersed in the matrix (Figure 76a-b) with a large distance between them.
Thus, the mobility of the polymer chains in the interfacial regions is not reduced [178].
Higher concentration of PTPs results in a slight increase in the Tg for the C-25PT75NC514S and C-50PT-50NC514S. For composites with a higher concentration of
PTPs, the distance between particles is reduced, thereby increasing the volume of

Storage Modulus (MPa)

immobilized chains and, consequently, the Tg.
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Figure 80. Representative storage and loss modulus curves of the cured matrix and
composites
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The peak value of tan δ is used to describe the internal friction of the polymer
chains [178]. From Table 24 and Figure 81, all systems were observed to have the same
temperature at which maximum damping will occur (Tg from the peak of tan ). Also,
there is no significant difference between the tan  value of the matrix
(100NC514SGX5593-2) and the C-2PT-98NC514S and C-10PT-90NC514S composites. As
previously mentioned, the PTPs are uniformly dispersed for these composites, with a
large distance between them. Thus, the mobility of the polymer chains in the interfacial
regions is not reduced. For the C-25PT-75NC514S and C-50PT-50NC514S composites,
increasing the concentration of PTPs results in a decrease in tan  values as a result of
increased interfacial interaction [235], [236]. Another parameter that can be determined
from the tan  curve is the FWHM of the peak. FWHM is an indication of the
heterogeneity of the composites [211]. FWHM also shows the range of temperature at
which damping would occur. From Table 24, C-50PT-50NC514S shows the highest
value of FWHM indicating that it is the most heterogeneous composites. C-50PT50NC514S composites also widens energy dissipation to lower temperatures.
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Figure 81. Representative tan  curves of the cured matrix and composites

Table 24
DMA and Density Data of the Cured Matrix and Composites


E'
(GPa)a

Tg
(°C)b

Tg
(°C)c

Tan 

FWHMd

100NC514SGX5593-2

2.8 ± < 1

-7 ± 1

9±1

1.25 ± 0.05

23.82  1.96

1.052  0.005

C – 2PT-98NC514S

2.7 ± < 1

-8 ± < 1

8±2

1.25 ± 0.15

24.61  1.51

1.058  0.004

C – 10PT-90NC514S

2.6 ± < 1

-6 ± 1

9±2

1.20 ± 0.07

23.90  1.09

1.085  0.009

C – 25PT-75NC514S

3.4 ± < 1

-2 ± 1

9±1

0.87 ± 0.06

26.92  1.35

1.123  0.005

C – 50PT-50NC514S

2.9 ± < 1

0±1

8±1

0.70 ± 0.01

33.16  0.90

1.195  0.011

aE'

(g/cm3)e

measured at -50 °C; bTg measured as the temperature from the peak of loss modulus; cTg measured as the
temperature from the peak of tan ; dFWHM of the tan  peak and is determined by using Gaussian Peak Analysis in
Origin Pro; eMeasured according to Archimedes’ principle at 25 °C
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Particles are incorporated into the thermosetting matrix to reduce cost, improve
processing, improve dimensional stability, improve thermal and electrical properties,
lower friction, increase wear and abrasion resistance, and improve mechanical properties
[160], [237]. In this dissertation, compression testing was performed to investigate the
mechanical properties of the cured matrix and composites. Compression testing was not
performed on C-2PT-98NC514S and C-10PT-90NC514S composites since TGA and
DMA showed no significant differences between the thermal and thermomechanical
properties of 100NC514SGX5593-2 and C – 2PT-98NC514S and C – 10PT-90NC514S
composites. Also, if there is a slight increase in the compressive properties of the
composites with 2 wt% and 10 wt% PTPs, the results would be lower than the
compressive properties of C-25PT-75NC514S. Thus compression testing was only
performed on the matrix (100NC514SGX5593-2) and C- 5PT-75NC514S and C-50PT50NC514S composites.
Figure 82 and Table 25 show that the addition of PTPs increases the compressive
modulus and toughness properties of the composites. Higher particle loading results in a
higher compressive modulus of the composites. C-25PT-75NC514S composites show the
highest compressive strength and toughness properties. Improved compressive strength
and toughness properties show a good interfacial bonding between the PTPs and matrix.
Thus, the applied compressive load was effectively transferred to the particles from the
matrix [238]. Also, good dispersion of particles in a matrix is a prerequisite for good
mechanical properties [225]. However, increasing particle content to 50 wt% results in
lower compressive strength and toughness properties of the C-50PT-50NC514S
compared to C-25PT-75NC514S. The nature of this decrease is beyond the scope of this
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dissertation, but the non-uniform distribution of PTPs in the matrix and the presence of
voids may play a role (Figure 77b). These particles and voids could act as stress
concentrators [225], resulting in matrix cracking (Figure 83b) when applying the
compressive load. Also, the fractured surface of the composites (Figure 83a-b) show
that the cracks originated from voids for both C-25PT-75NC514S and C-50PT50NC514S composites. In addition, over-reinforced composites result in poor interfacial
bonding of the particles to the matrix. As a result, the stress transfer at the particlepolymer interface becomes inefficient such that the particles cannot carry any load and
the composite strength decreases with increasing particle loading [238]. Also, from
Table 25, increasing PTP content results in lower compressive strain at failure of the
composites due to the decreased mobility of the polymer chains of the matrix [239].

Compressive Strength (MPa)

14
100NC514SGX5593-2
C - 25PT-75NC514S
C - 50PT-50NC514S

12
10
8
6
4
2
0
0

10

20

30

40

50

60

70

80

Strain (%)
Figure 82. Representative compressive property curves of the cured matrix and
composites
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Table 25
Compressive Properties of the Cured Matrix and Composites
Compressive
Strain (%)

Compressive
Strength (MPa)

Compressive
Modulus (MPa)

Compressive
Toughness (kJ/m3)

71 ± 1

6.8 ± 0.4

0.9 ± 0.1

684 ± 55

C – 25PT-75NC514S

56 ± < 1

12.4 ± 0.5

5.0 ± 0.3

2120 ± 59

C – 50PT-50NC514S

42 ± 2

6.7 ± 0.4

16.6 ± 0.9

1467 ± 174

Materials
100NC514SGX5593-2

Cracks originate
from voids

(a)

Cracked Matrix
(over reinforced)
Cracks originate
from voids

(b)
Figure 83. Optical images (left) and SEM micrographs of the fractured surfaces of (a) C25PT-75NC514S and (b) C-50RCF-50NC514S after compression test
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Tukey’s – HSD ANOVA at a 95% confidence level (Table B3) showed that there
are significant differences (p-value < 0.05) between the compressive modulus, compressive
strain, and compressive toughness properties of 100NC514SGX5593-2, C-25PT-75NC514S
and

C-50PT-50NC514S

composites

(Figure

84b

and

Figure

85a-b).

Also,

100NC514SGX5593-2 and C-25PT-75NC514S compressive strengths are significantly
different, and 25PT-75NC514S and C-50PT-50NC514S compressive strengths are
significantly different (Figure 84a). However, there is no significant difference between
the compressive strengths of 100NC514SGX5593-2 and C-50PT-50NC514S (Figure 84a).
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Therefore, for maximum reinforcing effect, it is best to incorporate 25 wt% of PTPs.
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Figure 84. Box plots comparing the compressive properties of the cured matrix and
composites: (a) compressive strength, and (b) compressive modulus
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Figure 85. Box plots comparing the compressive properties of the cured matrix and
composites: (a) compressive strain, and (b) compressive toughness

The stress-strain behavior of materials under cyclic loading is characterized by
hysteresis loops [187]. When subjected to cyclic axial loading, materials absorb elastic
energy under cyclic stress. As a result, the unloading curve follows a different path than
the loading curve and is always situated underneath the loading curve [188]. The area
enclosed within the hysteresis loop equals the amount of energy dissipated in the material
upon one loading-unloading cycle [188].
In this dissertation, the hysteresis loop was used to characterize the energy
dissipation capacity of the 100NC514SGX5593-2 and C-25PT-5NC514S. The cyclic
compression loading was applied up to 20% strain, ensuring that there would be no
permanent deformation. Figures 86-87 show the hysteresis loops generated under cyclic
compressive load. The hysteresis loop for each cycle slightly shifts towards positive
strains during the cyclic test due to energy loss. Also, we can see that the difference
between the hysteresis loop area in the first and second cycles was the greatest.
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Moreover, the difference among subsequent cycles decreases or even diminishes as the
number of cycles increases.
Figures 86-87 show that the stress-strain curves of the cured matrix and
composites resulting from cyclic compression loading during the first cycle and all
subsequent cycles were highly reproducible and have similar areas. From the dissipation
energy calculated during the 1st, 5th, and 10th cycles of 100NC514SGX5593-2 (Table 26) and
Tukey’s HSD analysis at 95% confidence level (Table B4), there is no significant
difference between the dissipation energies of each cycle, indicating that
100NC514SGX5593-2 can fully recover from the applied compressive load. This
characteristic of the 100NC514SGX5593-2 shows that it can recover from large strain and
absorb energy without permanent damage (good toughness property). For the C – 25PT75NC514S composites, we can see from Table 26 that the presence of the PTPs increases
the dissipation energy of the composites. We can also see that the difference between the
first hysteresis loop area in the first and second cycles is the greatest, and the difference
among subsequent cycles decreases or even diminishes as the number of cycles increases.
Even with the higher dissipation energy of the composites than the cured matrix, Table
26 and Tukey’s HSD analysis at 95% confidence level (Table B4) show no significant
difference between the dissipation energy of each cycle. Thus, the C-25PT-75NC514S
composite has good toughness properties since it can recover from large strains and
absorb energy without permanent damage.
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Figure 86. Representative hysteresis loop plot of 100NC514SGX5593-2
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Figure 87. Representative hysteresis loop plot of C-25PT-75NC514S

Table 26
Energy Dissipation Data of 100NC514SGX5593-2 and C-25PT-75NC514S

Materials
100NC514SGX5593-2
C - 25PT-75NC514S

3

Hysteresis Loop Area (mJ)
Cycle
1
5
10
6.7 ± 0.8

5.5 ± 0.5

5.3 ± 0.5

37.2 ± 13.4

24.2 ± 3.4

23.3 ± 3.3
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4.2.5 Characterizations of the Hybrid Composites
Hybrid composites show great potential to produce high-performance, lightweight
composites [40]. Particles and fibers are combined as reinforcements for the polymer
matrix to improve the mechanical, durability, electrical, and dimensional stability
properties of the polymer matrix [28], [30], [31]. In this work, RCFs and PTPs were
combined to show the benefits of combining two reinforcements in cardanol-based epoxy
composites compared to composites with a single type of reinforcement.
The properties of the H-12.5RCF-12.5PT-75NC514S_50 hybrid composite are
compared to the properties of C-25RCF-75NC514S_50 and C-25PT-75NC514S to
observe the effect of combining PTPs and RCFs as reinforcements to the physical,
thermal, and thermomechanical properties of the hybrid composites.
The hybrid composite was prepared by mixing 12.5 wt% RCFs, 12.5 wt% PTPs,
and 75 wt% cardanol-based epoxy resin. The fabricated hybrid composite is rubbery at
room temperature and has a density of 1.182  0.024 g/cm3. Figure 88 shows the SEM
micrographs of the cross-section of the H-12.5RCF-12.5PT-75NC514S_50. It can be
observed that both the RCFs and the PTPs are well dispersed within the cardanol-based
epoxy matrix. The PTPs are randomly distributed within the matrix and do not interfere
with the fiber-matrix interface. Extent of cure analyses of the hybrid composite were not
performed since H-12.5RCF-12.5PT-75NC514S_50 was also cured for 24 hours, and the
matrix show high epoxy and amine extent of cure.
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Particles

(a)
(b)
Figure 88. SEM micrographs of the cross-sections of H -12.5RCF-12.5PT75NC514S_50 at (a) 500X and (b) 1000X magnification

DMA was used to characterize the thermomechanical properties of the hybrid
composite. From Figure 89, the storage modulus decreases as the temperature increases,
signifying the transition from a glassy to a rubbery state. Table 27 and Figure 89 show
the storage modulus of the H-12.5RCF-12.5PT-75NC514S_50 and C-25RCF 75NC514S_50 composites are similar. Also, H-12.5RCF-12.5PT-75NC514S_50
composite has a higher storage modulus than C-25PT-75NC514S indicating the
reinforcing effect of combining PTPs and RCFs. The combination of particles and fibers
in the composite promotes more interfacial interaction with the matrix, thereby reducing
the mobility and deformability of the matrix and supporting better stress transfer at the
interface [2–4].
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Figure 89. Representative storage and loss modulus plot comparison of composites with
25 wt% reinforcements

Loss modulus results from the viscous response of materials to applied stresses
[242]. It measures energy lost as heat and is proportional to dissipated energy [242]. As
the temperature increases, the polymer chains are free to move, and the loss modulus
reaches a maximum (glass transition temperature) and subsequently decreases as the
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temperature increases [242]. This phenomenon is due to the molecular segmental motion
in the polymer chain overlapping with the mechanical deformation, resulting in high
internal friction and non-elastic deformation [243]. For example, from Figure 89, H12.5RCF-12.5PT-75NC514S_50 composite shows the highest Tg due to decreased
polymer chain mobility and improved thermal properties [243].
The mechanical loss factor or damping (tan ) is the ratio of the loss modulus to
the storage modulus and is reported as the tangent of the phase angle [181]. Tan  is also
useful for determining the occurrence of molecular mobility transitions [180]. Figure 90
shows the tan  curves of the composites. A high tan  value suggests that a material
exhibits a high non-elastic strain component, while a low tan  value suggests the
material is more elastic [243]. H-12.5RCF-12.5PT-75NC514S_50 composite shows the
lowest tan  value. The reduction of the damping factor (tan ) can be attributed to the
interlocking mechanism between the PTPs, RCFs, and cardanol-based epoxy matrix
[54,199,200]. The fibers and particles in the matrix create a strong interfacial interaction,
which restricts the polymer chain movement at the interface [54,199,200]. From Table
27, H-12.5RCF-12.5PT-75NC514S_50 shows the highest value of FWHM, indicating the
hybrid composites widen energy dissipation to lower temperatures.
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Figure 90. Representative tan  plot comparison of composites with 25 wt%
reinforcements

Table 27
DMA Data Comparisons of Composites with 25 wt% Reinforcements
E'

Tg

Tg

(MPa)a

(°C)b

(°C)c

H-12.5RCF-12.5PT-75NC514S_50

9±3

26 ± 1

C-25RCF - 75NC514S_50

9±2
3.4 ± < 1

Materials

C-25PT - 75NC514Se
aE'

Tan 

FWHMd

33 ± 1

0.28 ± 0.03

31.67 ± 1.07

20 ± 1

29 ± 1

0.42 ± 0.08

28.12 ± 0.60

-2 ± 1

9±1

0.87 ± 0.06

26.92 ± 1.35

°C; bT

cT

measured at -50
g measured as the temperature from the peak of loss modulus;
g measured as the
temperature from the peak of tan ; dFWHM of the tan  peak and is determined by using Gaussian Peak Analysis in
Origin Pro; eCured with a curing accelerator (GX5593-2)

TGA was used to evaluate the thermal stability of the hybrid composite. The
initial degradation temperature (IDT), the temperature at 50 wt% degradations (T50), and
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residue800 °C (%) were both determined in N2 and air atmosphere. This dissertation
compares the thermal properties of all composites fabricated with 25 wt% reinforcement
and 75 wt% matrix (i.e., the thermal properties of the H-12.5RCF-12.5PT-75NC514S_50
were compared to C-25PT-75NC514S and C-25RCF-75NC514S). For air and N2
atmosphere, the IDT is due to the degradation of the composites resin component and the
rubber components of the PTPs (for H-12.5PT-12.5RCF-75NC514S and C-25PT75NC514S composites only). From Figure 91 and Table 28, the IDT of H-12.5PT12.5RCF-75NC514S and C-25RCF-75NC514S are similar and lower than the IDT of C25PT-75NC514S. These results show that C-25PT-75NC514S is more thermally stable
in air than the other two composites.
In air, the PTPs are more effective than RCFs in improving the thermal stability
of the matrix. The residues at 800 °C of H-12.5PT-12.5RCF-75NC514S and C-25PT75NC514S are similar and higher than the residue of C-25RCF-75NC514S. The higher
residues of H-12.5PT-12.5RCF-75NC514S and C-25PT-75NC514S in air are due to the
presence of minerals (ZnS), metallic oxide, and other heavy metals in the PTPs [226]. In
N2 (Figure 92 and Table 29), H-12.5PT-12.5RCF-75NC514S has the highest IDT
compared to C-25RCF-75NC514S and C-25PT-75NC514S. The higher IDT in N2 can be
attributed to the interlocking mechanism between PTPs, RCFs, and cardanol-based epoxy
resin, which promotes more interfacial interaction, reducing thermal damage [197–199].
Also, the high residue of H-12.5PT-12.5RCF-75NC514S suggests a better flame
behavior. The residue at 800 °C for C-25RCF-75NC514S is due to the presence of
combustible and carbonaceous materials, while for the H-12.5PT-12.5RCF-75NC514S
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and C-25PT-75NC514S is due to combustible and carbonaceous materials (carbon

100

2.1

80

1.8

60
40
20

1.5
1.2

H -12.5RCF-12.5PT-75NC514S_50
C - 25PT-75NC514S
C - 25RCF-75NC514S_50

0.9

0

0.6

-20

0.3

-40

0.0

-60
100

200

300

400

500

600

700

800

Deriv. Weight (% / °C)

Weight (%)
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Figure 91. Representative TGA thermograms and derivative weights of the composites
with 25 wt% reinforcements in air where solid lines are weight loss (%), and broken lines
are derivative weight (% / °C)
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Table 28
TGA Data of the Composites with 25 wt% Reinforcements in Air
IDT (°C)a

T50 (°C)b

Residue800
(%)c

H - 12.5PT-12.5RCF-75NC514S

311 ± 3

472 ± 13

5±1

C - 25RCF-75NC514S

307 ± 3

467 ± 19

<1<1

C - 25PT-75NC514S

330 ± 1

465 ± 1

6±<1

Composites

a

Determined as the temperature at 5% weight loss; bDetermined as the temperature at 50% weight loss
c
Residue at 800 °C
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C - 25PT-75NC514S
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Figure 92. Representative TGA thermograms and derivative weights of the composites
with 25 wt% reinforcements in N2 where solid lines are weight loss (%), and broken lines
are derivative weight (% / °C)
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Table 29
TGA Data of the Composites with 25 wt% Reinforcements in N2
Composites

IDT (°C)a

T50 (°C)b

Residue800
(%)c

H - 12.5PT-12.5RCF-75NC514S

343 ± 3

441 ± 3

35 ± 2

C - 25RCF-75NC514S

320  2

434 ± 6

31 ± 5

C - 25PT-75NC514S

335  

459 ± 1

18  

a

Determined as the temperature at 5% weight loss; bDetermined as the temperature at 50% weight loss
c
Residue at 800 °C
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Chapter 5
Conclusions and Recommendations for Future Work
5.1 Conclusions
In response to the increasing environmental, legislative, and public demand in the
world's automotive industry to improve the environmental sustainability of their
manufactured vehicles researchers must look for alternative materials that could reduce
the cost of lightweight composites production and significantly reduced CO2 emissions.
This dissertation focused on fabricating composites and laminates with recycled carbon
fibers (RCFs) from carbon fiber reinforced polymer (CFRP ) scraps and pyrolyzed tire
particles (PTPs) from end-of-life-tires (ELTs) for automotive applications. Spectroscopic,
rheological, physical, thermal, thermomechanical, and mechanical characterizations were
performed to fundamentally understand the processing-structure-property relationships of
the manufactured composites.
RCFs and cardanol-based epoxy resins showed great potential as damping agents
for automotive composites. This work represented an example of efficiently reusing
carbon fibers reclaimed by pyrolysis. RCFs were used as reinforcements for cardanolbased epoxy resin and DGEBA-based epoxy resins. Short CFRP (SCFRP) composites
were fabricated via compression molding technique. Spectroscopic, physical, and
mechanical characterizations of the RCFs showed that the fibers could improve the
mechanical properties of the DGEBA-based and cardanol-based epoxy resin. However,
the fabricated composites were not viable for structural applications as a result of their
lesser mechanical properties. The weak interfacial bonding between the matrix and RCFs,
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and the presence of more fiber ends of the RCFs resulted in better damping properties,
making them suitable for anti-vibration component applications. However, the cost and
complexities of chemically treating RCFs are not worth it for the modest property
improvements.
Cardanol, a renewable source of epoxy resin, has great potential when used as a
damping material for composites. FTIR analysis of the 24-hr cured cardanol-based
epoxy shows high epoxy and amine extent cure of 99%. The cured epoxy exhibited
rubbery-like behavior at 25 °C, demonstrating that the cardanol-based epoxy matrix could
be suitable for anti-vibration components. The addition of RCFs to the flexible matrix
increases the Tg of the composites up to 90%. All fabricated composites have high carbon
fiber contents (~ 70 wt%), good thermal stability up to ~ 350 °C, and up to 509%
increase in storage modulus. The cured matrix and composites fabricated in this work
show a consistent temperature at which maximum damping will occur (i.e., at room
temperature). Although the damping factor of the matrix was decreased with the addition
of the RCFs, using such a composite layer to promote vibration-damping could be
adopted in specific laminations to maintain the overall mechanical integrity properties of
the composites. Laminates interleaved with cardanol-based epoxy and RCF-reinforced
cardanol-based composites were also fabricated to observe the effect of such materials on
the stiffness and damping characteristics of the laminates. All modified laminates widen
the energy dissipation to lower temperatures, which indicates potential damping
enhancement. Laminate (L-100NC514S) interleave with cardanol-based epoxy resin
show a similar storage modulus (i.e., 22 GPa) at 25 °C to the unmodified laminate (LUnmodified), indicating that even with the modification of the laminate, the stiffness was
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not sacrificed. L-100NC514S also showed the highest flexural and toughness properties
(i.e., 1219 MPa and 14 MPa, respectively). Although a slight decrease in the flexural
properties of the laminates interleaved with C- xRCF-yNC514S composites was observed
due to the manual lab-scale laminate fabrication process, the results can easily be
improved by improving the laminate fabrication process.
This dissertation presented the benefits of using PTPs as reinforcements for
cardanol-based epoxy resins and their great potential as damping agents in automotive
composite application. As no literature was found that explored the characteristics and
potential industrial applications of bio-based epoxy resin with PTPs as reinforcements,
the results shown in this dissertation may assist with the acceptability of PTPs for highperformance industrial applications.
The as-received PTPs were not yet suitable for composite application due to their
varied size and shape. Particles were ground and vacuum dried at 200 °C, and a curing
accelerator (GX5593-2) was used to achieve uniform particle distribution within the
matrix and avoid particles from settling at the bottom part of the composites. A matrix
with a curing accelerator was also prepared in this work, and the cured matrix was
rubbery at room temperature. The extent of cure analysis by FTIR shows that adding
GX5593-2 curing accelerator into the matrix resulted in 99% epoxy extent of cure and
71% amine extent of cure. The faster rate of epoxy curing/conversion due to the addition
of a curing accelerator and the slower amine conversion contributed to an excess amine in
the system and, thus, a lower amine extent of cure. Rheological experiments show that
the average viscosity of the uncured matrix (100NC514SGX5593-2) increased from 4 Pas to
180 Pas at 25 °C and from 3 Pas to 148 Pas at 35 °C when the pyrolyzed tires content
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was increased from 0 to 50 wt% respectively. Rheological studies also showed that the
viscosity of the matrix and composites with up to 10 wt% pyrolyzed tires increases with
increasing shear rate as the tertiary amines, phenols, and maybe secondary amines of the
curing accelerator promote epoxy (homo/co)-polymerization. From the start and up to the
11.21 minute rheological run, the viscosity decreases with increasing shear rate for
composites with higher volume fractions of PTPs (25 wt% to 50 wt%). However, after
the 11.21 minute rheological run, the trend is similar to composites with 2 wt% to 10
wt% PTPs. Thermal characterization shows that C-25PT-75NC514S is the most
thermally stable composite, as shown by its initial degradation temperature (IDT)
reaching up to 330 °C in air and 335 °C in the N2. The dynamic mechanical analysis
(DMA) supports the results obtained from the TGA with C-25PT-75NC514S having the
highest storage modulus (3.4 GPa) at -50 °C. The compression test results also agree with
the TGA and DMA results. Incorporating 25 wt% pyrolyzed tires increased the
compressive strength, modulus, and toughness of the cured matrix to 83%, 452%, and
210%, respectively. The C-50PT-50NC514S composite shows the highest compressive
strength. However, the higher particle loading, and void content of the composites acted
as stress concentrators, resulting in matrix cracking when the compressive load was
applied. Thus, C-50PT-50NC514S had compressive strength similar to
100NC514SGX5593-2 and a compressive toughness lower than C-25PT-75NC514S. From
the hysteresis experiments, both100NC514SGX5593-2 cured matrix and C-25PT-75NC514S
composite showed similar 1st up to the 10th cycle hysteresis loop area, indicating both
materials can recover considerable strain and absorbs energy without permanent damage.
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Hybrid composites may provide the ability to blend the advantages of traditional
structural composites with traditional RCF-cardanol composites for damping. Hybrid
composites with promising physical, thermal, thermomechanical, and mechanical
properties were successfully fabricated. The fabricated hybrid composite was rubbery at
room temperature and had high storage modulus. Compared to C-25RCF - 75NC514S_50
and C-25PT-75NC514S composites, the hybrid composite (H-12.5RCF-12.5PT75NC514S_50) has higher Tg, and better and thermal stability.
The results presented in this work can provide valuable information that can be
used to help the PTPs and RCFs be accepted in the market. Composites fabricated in this
work have great potential to be used in the automotive industry, where non-structural,
high-performance, lightweight, low-cost composites are needed.
5.2 Recommendations for Future Work
This dissertation provided a proof of concept of the potential utility of hybrid
composites. The following sections will discuss the recommendations for future work.
5.2.1 Recommendations to Improve Composite Fabrication
The recycled carbon fiber (RCF) fabric recovered from the pyrolysis of CFRP
wastes appear in varied shorter lengths. Thus, they cannot be reused in the same
applications as the original CCFs. In this dissertation, the RCFs were downsized to
approximately 1-inch length and unbundled. However, this process was tedious. Also,
fabricating the short random fiber-reinforced composites is very time-consuming because
the fiber-resin mixture has to be spread/lay-up manually, and the thickness of the
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composites should be approximately the same in all sections of the mold. Thus, a
nonwoven recycled carbon fiber fabric is recommended to be used as reinforcement.
5.2.1.1 Nonwoven Recycled Carbon Fiber Fabric. The two major fabrics
available in the composites industry are woven and non-woven fabrics [244]. Woven
fabrics are used for making prepregs and laminates for boating, marine, and sporting
applications, to name a few [244]. Nonwoven fabrics are sheet or web structures bonded
together by fiber entanglement mechanically, thermally, or chemically [245]. The
characteristics of a nonwoven fabric depend on the type of fiber it is made of [246].
Nonwoven fabrics are used in different applications, including medical, automotive,
apparel, filtration, civil, geotextiles, fiber-reinforced composites, and protective
applications [245].
Recycled fiber nonwovens are desired in industries because of their advantages,
such as low cost, sustainability, good mechanical and physical properties, and high
production rates [245], [247]. Nonwoven textiles can be anisotropic or isotropic,
depending on the manufacturing process [247]. Anisotropic textiles can be produced
using carding and yarn spinning processes that align the fibers in a preferential direction.
Isotropic textiles can be produced using wet-laid and air-laid processes. Isotropic textiles
exhibit equivalent mechanical properties in all directions and are less costly than
anisotropic textiles. Due to the outstanding properties and environmental benefits of
nonwoven RCFs, manufacturers like Sigmatex [248], TENOWO Nonwovens [249], and
GEN2 CARBON [250] are now offering nonwoven RCFs in the market.
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5.2.2 Recommendations to Improve Laminate Fabrication
Fabricating the laminates is very time-consuming, especially when manually
laying out the C-xRCF-yNC514S in the middle of the 8 CRFP prepregs, and the
introduction of voids cannot be avoided. Also, the effect of modifying the number and
position of the interleave layer cannot be investigated because of the time it takes to
spread/lay-up manually the fiber-matrix mixture in all sections of the mold. Thus, the
following laminate fabrication process is recommended.
CFRP prepreg laminates interleaved with cardanol-based epoxy resin and
recycled carbon fiber reinforced cardanol-based epoxy composites can be fabricated via
hand-lay-up method or resin transfer molding method. The CFRP laminates can be
consolidated under vacuum and cured in an autoclave. CFRP laminates can be produced
by stacking 16 plies of prepregs and labeled as L-Unmodified (Figure 93a), stacking 16
plies of prepregs with a thin coating of NC514S-EPIKURE W resin in between layers of
prepreg plies (Figure 93b) and labeled as L-100NC514S, and stacking 16 prepreg plies
with 1 layer of nonwoven RCFnw-NC514S composites placed after the 8th prepreg ply
(Figure 93c) and labeled as L-1RCFnw-NC514S, 16 prepreg plies with 3 layers of
nonwoven RCFnw-NC514S composites placed after the 4th, 8th, and 12th prepreg plies
(Figure 93d) and labeled as L-3RCFnw-NC514S, and stacking 16 plies of prepregs with
RCFnw-NC514S composites placed in between each layer of prepreg plies (Figure 93e).
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16 layers of Preregs with thin coating of
NC514S/DFDA resin in between layers

16 layers of Preregs

(a)

16 layers of Preregs + 1 layer of
Nonwoven RCF / NC514S Composite

(b)

(c)
16 layers of Preregs + 15 layers of
Nonwoven RCF / NC514S Composites

16 layers of Preregs + 3 layers of
Nonwoven RCF / NC514S Composites

(d)

(e)

Figure 93. Schematic representation of the different laminate configurations (a) LUnmodified, (b) L-100NC514S, (c) L-1RCFnw-NC514S, (d) L-3RCFnw-NC514S, and (e)
L-4RCFnw-NC514S
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Appendix A
Supporting Information for Fiber-Reinforced Composites in Chapter 4

(a)
(b)
(c)
Figure A1. (a) RCF woven fabrics with varying shapes and lengths, (b) unsized RCF
tows, and (c) RCFs downsized into approximate 1-inch length
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Figure A2. Simplified curing reactions for the DGEBA-based and cardanol-based epoxy
resins
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Table A1
Commercial Carbon Fibers (CCFs), Recycled Carbon Fibers (RCFs), and Chemically
Treated Recycled (CTRCFs) Tensile Properties Tukey's HSD ANOVA
p-value

p < 0.05

Tensile Strength
CTRCF-CCF
RCF-CCF
RCF-CTRCF

0.00187
0.00940
0.86038

Significant
Significant
Not Significant

Tensile Modulus
CTRCF-CCF
RCF-CCF
RCF-CTRCF

0.00000
0.29732
0.00000

Significant
Not Significant
Significant

Tensile Strain
CTRCF-CCF
RCF-CCF
RCF-CTRCF

0.00000
0.64737
0.00000

Significant
Not Significant
Significant
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Table A2
DGEBA-Based Matrix and Composites Tensile Properties Tukey's HSD ANOVA
p-value

p < 0.05

C - 39CCF-61EPON828 - 100EPON828

0.0000

Significant

C - 39CTRCF-61EPON828 - 100EPON828
C - 39RCF-61EPON828-100EPON828
C - 39CTRCF-61EPON828-C - 39CCF-61EPON828
C - 39RCF-61EPON828-C – 39CCF-61EPON828
C - 39RCF-61EPON828-C - 39CTRCF-61EPON828

0.0016
0.0252
0.0007
0.0001
0.5411

Significant
Significant
Significant
Significant
Not Significant

C - 39CCF-61EPON828 - 100EPON828

0.0003

Significant

C - 39CTRCF-61EPON828 - 100EPON828
C - 39RCF-61EPON828-100EPON828
C - 39CTRCF-61EPON828-C – 39CCF-61EPON828
C - 39RCF-61EPON828-C – 39CCF-61EPON828
C - 39RCF-61EPON828-C - 39CTRCF-61EPON828

0.0006
0.0023
0.9880
0.7325
0.8909

Significant
Significant
Not Significant
Not Significant
Not Significant

C – 39CCF-61EPON828 - 100EPON828

0.0000

Significant

C - 39CTRCF-61EPON828 - 100EPON828
C - 39RCF-61EPON828-100EPON828
C - 39CTRCF-61EPON828-C – 39CCF-61EPON828
C - 39RCF-61EPON828-C – 39CCF-61EPON828
C - 39RCF-61EPON828-C - 39CTRCF-61EPON828

0.0000
0.0000
0.7821
0.7560
1.0000

Significant
Significant
Not Significant
Not Significant
Not Significant

Tensile Strength

Tensile Modulus

Tensile Strain
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Table A3
Cardanol-Based Matrix and Composites Tensile Properties Tukey's HSD ANOVA
p-value

p < 0.05

Tensile Strength
C - 41RCF-59NC514S-100NC514S
C - 42CCF-58NC514S-100NC514S
C - 42CTRCF-58NC514S-100NC514S
C - 42CCF-58NC514S-C - 41RCF-59NC514S
C - 42CTRCF-58NC514S-C - 41RCF-59NC514S
C - 42CTRCF-58NC514S-C – 42CCF-58NC514S

0.0233
0.0001
0.0014
0.0157
0.2743
0.3855

Significant
Significant
Significant
Significant
Not Significant
Not Significant

Tensile modulus
C - 41RCF-59NC514S-100NC514S
C - 42CCF-58NC514S-100NC514S
C - 42CTRCF-58NC514S-100NC514S
C - 42CCF-58NC514S-C - 41RCF-59NC514S
C - 42CTRCF-58NC514S-C - 41RCF-59NC514S
C - 42CTRCF-58NC514S-C – 42CCF-58NC514S

0.0483
0.0067
0.0370
0.5386
0.9791
0.7935

Significant
Significant
Significant
Not Significant
Not Significant
Not Significant

Tensile strain
C - 41RCF-59NC514S-100NC514S
C - 42CCF-58NC514S-100NC514S
C - 42CTRCF-58NC514S-100NC514S
C - 42CCF-58NC514S-C - 41RCF-59NC514S
C - 42CTRCF-58NC514S-C - 41RCF-59NC514S
C - 42CTRCF-58NC514S-C – 42CCF-58NC514S

0.0000
0.0000
0.0000
0.6720
0.9903
0.8569

Significant
Significant
Significant
Not Significant
Not Significant
Not Significant
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Figure A3. Representative DSC thermograms of Toray T700S 12k plain weave prepreg
showing the exothermic curing peak

Table A4
Toray T700S 12k Plain Weave Prepreg Properties
Resin Content (%)

TPeak (°C)a

Enthalpy (J/g)b

43
153  1
119  8
b
Exothermic curing peak determined via DSC, Determined as the area under the
exothermic peak
a
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(a)

(b)

(c)

(d)
(e)
Figure A4. Laminates preliminary fabrication showing fiber tow distortion at higher
compression pressures (a) L-Unmodified at 1500 psi, (b) L-50RCF-50NC514S at 1500
psi, (c) L-50RCF-50NC514S at 750psi, (d) L-50RCF-50NC514S at 500psi, and (e) L50RCF-50NC514S at 100 psi

Gaps between
composite layers

Figure A5. L-50RCF-50NC514S preliminary fabrication showing no fiber tow distortion
at 0 psi, but with gaps between composite layers
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Figure A6. L-50RCF-50NC514S fabricated at 50psi shows no fiber tow distortion, and no
visible gaps between composite layers

Flexural Strength (MPa)

1250
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5

1000
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0
0.0

0.5

1.0

1.5

2.0

2.5

Strain (%)
Figure A7. Stress as a function of strain plot of L-Unmodified laminate flexural test
samples
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Flexural Strength (MPa)
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Figure A8. Stress as a function of strain plot of L-50RCF-50NC514S laminate flexural
test samples

Flexural Strength (MPa)
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Run 4
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Figure A9. Stress as a function of strain plot of L-25RCF-75NC514S laminate flexural
test samples
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Sample 4
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Figure A10. Stress as a function of strain plot of L-25RCF-75NC514S laminate flexural
test samples

Figure A11. Representative L-Unmodified tan  curve ( ⎯ ) with Gaussian fit peak 1
(----)
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Figure A12. Representative L-50RCF-50NC514S tan  curve ( ⎯ ) with Gaussian fit
peak 1 (----) and fit peak 2 (----)

Figure A13. Representative L-25RCF-75NC514S tan  curve ( ⎯ ) with Gaussian fit
peak 1 (----) and fit peak 2 (----)
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Figure A14. Representative L-100NC514S tan  curve ( ⎯ ) with Gaussian fit peak 1
(----)
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Table A5
Laminates Flexural Properties Tukey's HSD ANOVA
p-value

p < 0.05

Flexural strength
L-25RCF-75NC514S - L-50RCF-50NC514S
L-100NC514S - L-50RCF-50NC514S
L-Unmodified - L-50RCF-50NC514S
L-100NC514S - L-25RCF-75NC514S

0.0153
0.0000
0.6675
0.0151

Significant
Significant
Not Significant
Significant

L-Unmodified - L-25RCF-75NC514S
L-Unmodified - L-100NC514S

0.1360
0.0001

Not Significant
Significant

Flexural modulus
L-25RCF-75NC514S - L-50RCF-50NC514S
L-100NC514S - L-50RCF-50NC514S
L-Unmodified - L-50RCF-50NC514S
L-100NC514S - L-25RCF-75NC514S
L-Unmodified - L-25RCF-75NC514S
L-Unmodified - L-100NC514S

0.9093
0.1704
0.9779
0.44971
0.7170
0.0847

Not Significant
Not Significant
Not Significant
Not Significant
Not Significant
Not Significant

Flexural strain
L-25RCF-75NC514S - L-50RCF-50NC514S
L-100NC514S - L-50RCF-50NC514S
L-Unmodified - L-50RCF-50NC514S
L-100NC514S - L-25RCF-75NC514S
L-Unmodified - L-25RCF-75NC514S
L-Unmodified - L-100NC514S

0.0443
0.0000
0.2037
0.0086
0.8296
0.0015

Significant
Significant
Not Significant
Significant
Not Significant
Significant

Flexural toughness
L-25RCF-75NC514S - L-50RCF-50NC514S
L-100NC514S - L-50RCF-50NC514S
L-Unmodified - L-50RCF-50NC514S
L-100NC514S - L-25RCF-75NC514S
L-Unmodified - L-25RCF-75NC514S
L-Unmodified - L-100NC514S

0.0171
0.0000
0.3346
0.0005
0.3741
0.0000

Significant
Significant
Not Significant
Significant
Not Significant
Significant
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Appendix B
Supporting Information for Particle-Reinforced Composites in Chapter 4

Figure B1. SEM micrographs used for particle size analysis of the coarse PTPs

Table B1
Coarse PTPs Particle Size Analysis Data
Number of Particles

359
Area (μm2)

Mean
SD
Minimum
Maximum

2058.19
19965.35
40
365711
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300
295

(a)
Area  7000m2

Number of Particles

290
285

25
20
15
10
5
0

0

1000

2000

3000

4000

5000

6000

7000

2

Area (m )

(b)

Number of Particles

6

Area  7000m2
4

2

0

0

100000

200000

300000

400000

Area (m2)

Figure B2. Histogram plots of the coarse particles with (a) particle area  7000 m, and
(b) particle area  7000 m
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Figure B3. SEM micrograph used for particle size analysis of the fine PTPs

Table B2
Fine PTPs Particle Size Analysis Data
Number of Particles

311

Mean
SD
Minimum
Maximum

Area (μm )
46.72
77.425
5.127
665.475

2
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250

Number of Particles

240
230

30
20
10
0

0

100

200

300

400
2

Area (m )

Figure B4. Histogram plot of the fine particles
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500

Particles that
float

Particles at the
mid part

Particles that
sank

Figure B5. Optical image (left) and SEM micrographs of the cross-section of the
composites showing coarse particles that sank, floated, and at the middle part
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Heat Flow (Endo Down)

Equilibrate at -70 °C
Ramp: 10 °C to 200 °C

No Vacuum Drying
Vacuum Drying at 70°C
Vacuum Drying at 110°C
Vacuum Drying at 200°C
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Figure B6. Representative DSC curves (1st scan) of fine PTPs (size  45m) vacuumed
dried at different temperatures for 7 days
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Heat Flow (Endo Down)

No Vacuum Drying
Vacuum Drying at 70°C
Vacuum Drying at 110°C
Vacuum Drying at 200°C
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Temperature, °C
Figure B7. Representative DSC curves (2nd scan) of fine PTPs (size  45m) vacuumed
dried at different temperatures for 7 days
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Loss Modulus (Pa)
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Figure B8. Representative rheological experiments for determination of gelation and pot
lifetime at 75 °C and 0.1% strain
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Step Time (mins)

Figure B9. Complex viscosity as a function of step time showing the slope of the
viscosity curve of the C – 50PT-50NC514S increases faster than the 100NC514S (faster
rate of curing)
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Table B3
Compressive Properties Tukey's HSD ANOVA
p-value

p < 0.05

0.0000
0.0000
0.0000

Significant
Significant
Significant

C - 25PT-75NC514S-100NC514SGX-5593-2

0.0000

Significant

C - 50PT-50NC514S-100NC514SGX-5593-2
C - 50PT-50NC514S-C - 25PT-75NC514S

0.9655
0.0000

Not Significant
Significant

Compressive strain
C - 25PT-75NC514S-100NC514SGX-5593-2
C - 50PT-50NC514S-100NC514SGX-5593-2
C - 50PT-50NC514S-C - 25PT-75NC514S

0.0000
0.0000
0.0000

Significant
Significant
Significant

Compressive toughness
C - 25PT-75NC514S-100NC514SGX-5593-2

0.0000

Significant

C - 50PT-50NC514S-100NC514SGX-5593-2
C - 50PT-50NC514S-C - 25PT-75NC514S

0.0000
0.0000

Significant
Significant

Compressive modulus
C - 25PT-75NC514S-100NC514SGX-5593-2
C - 50PT-50NC514S-100NC514SGX-5593-2
C - 50PT-50NC514S-C - 25PT-75NC514S
Compressive strength

Table B4
Hysteresis Experiment Tukey's HSD ANOVA

100NC514SGX5593-2
Cycle 10 - Cycle 1
Cycle 5 - Cycle 1
Cycle 5 - Cycle 10
C - 25PT-75NC514S
Cycle 10 - Cycle 1
Cycle 5 - Cycle 1
Cycle 5 - Cycle 10

p-value

p < 0.05

0.2328
0.3134
0.9417

Not Significant
Not Significant
Not Significant

0.3415
0.3774
0.9933

Not Significant
Not Significant
Not Significant
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Appendix C
EVAC-DGEBA Blends Study

C.1 Introduction
Thermosetting polymers are widely used in the commercial market today due to
their strength, durability, and thermal and chemical resistance, as provided by the high
cross-linked structure [251]. Thermosetting polymers are phenolic and ureaformaldehyde resins, unsaturated polyesters, and epoxy resins [251]. Epoxy resins are the
most common thermosetting polymers used for polymer composites, adhesives, highperformance coatings, potting, and encapsulation [252]. However, the epoxy resin
industry has been dominated by the petrochemical-based diglycidyl ether of bisphenol A
(DGEBA) [253]. DGEBA is synthesized by the reaction of BPA and epichlorohydrin
[195]. As a result, bisphenol A (BPA)-based epoxy resin is found in over 90% of
thermosetting epoxy resins worldwide [195].
The growing concern about the fast depletion of fossil fuels and environmental
issues has caused interest in developing polymers from renewable sources. As a result,
bio-based polymers are now becoming attractive alternatives to their petrochemical-based
counterparts. Renewable sources such as lignin, a major component of the cell wall of
vascular plants [254], and cardanol, a main component of the thermally treated cashew
nutshell liquid (CNSL) [255], are promising candidates for the development of
sustainable materials that require a combination of rigidity, flexibility, chemical
resistance, and water barrier properties [255]. For example, the aromaticity of the ligninderived vanillyl alcohol provides enhanced structural and thermal stabilities, while
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cardanol provides flexibility and processability [254]. However, when cured individually,
these renewable resins show inferior mechanical performance compared to commercial
resins based on diglycidyl ether of bisphenol A (DGEBA) [256]. At the same time, BPAbased epoxies are known to be brittle after cross-linking, affecting impact resistance and
toughness properties. To overcome these drawbacks, renewable sources of epoxy resin
and DGEBA-based epoxy resin are combined to find a balance between the thermal and
mechanical properties through chemical structure design. Blending modification can
improve an epoxy system's physical, thermal, mechanical, and thermomechanical
properties to meet specific application needs [257].
In this study, EVAC (diglycidyl ether of vanillyl alcohol cardanol) and EPON828
(diglycidyl ether of BPA) were blended at different weight% ratios. EVAC was
synthesized via the reaction of vanillyl alcohol-cardanol with epichlorohydrin. The
EVAC-EPON828 blends were thermally cross-linked with EPIKURE W according to
stoichiometry. This work aims to produce an alternative epoxy blend system with
increased bio-based content and improved polymer properties.
C.2 Experimental Methods
Epoxidized vanillyl alcohol cardanol (EVAC) with an EEW of 333 g/eq was
obtained from Cardolite Corporation. DGEBA-based resin (EPON828) with an EEW of
186.1 g/eq and EPIKURE W (AHEW = 44.57 g/eq) were obtained from Hexion.
C.2.1 Curing of Epoxy Resin Blends and Extent of Cure
EVAC/EPON828 blends were cured in the presence of an aromatic diamine, the
diethyl toluene diamine, EPIKURE W. A stoichiometric amount of resin and curing agent
based on computed parts amine per hundred parts epoxies were mixed in a beaker. The
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mixture was then poured into an aluminum mold and vacuumed for 30 minutes at 50 °C
to remove the bubbles. The resin/curing agent mixture was cured at 90 °C for 12 hours
and post-cured at 180 °C for 12 hours. The compositions of EVAC and EPON828 blends
are shown in Table C1.

Table C1
EVAC-EPON828 Blends Used in this Work

Blends

Weight% EVAC

Weight% EPON828

100EPON828

0

100

33EVAC - 67EPON828

33

67

67EVAC - 33EPON828

67

33

100EVAC

100

0

The EEW of the resin blends was calculated using the equation below [195]:

𝐸𝐸𝑊𝐵𝑙𝑒𝑛𝑑 =

𝑊𝑇𝑜𝑡𝑎𝑙
𝑊𝐸1
𝑊𝐸2
+
𝐸𝐸𝑊𝐸1 𝐸𝐸𝑊𝐸2

(32)

Where WTotal is the total weight of the resin, WE1 and WE2 are the weight of
epoxies 1 and 2, respectively, and EEW1 and EEW2 are the epoxy equivalent weight of
epoxies 1 and 2, respectively. The stoichiometric quantity of the diamine (EPIKURE W)
was calculated according to [195]:

𝑝ℎ𝑟 =

𝐴𝐻𝐸𝑊 𝑋 100
𝐸𝐸𝑊𝐵𝑙𝑒𝑛𝑑
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(33)

Where phr is the parts by weight of amine per hundred parts by weight epoxy resin
and AHEW is the amine hydrogen equivalent weight.
Near-IR spectroscopy operating in an absorbance mode (Thermo Scientific Nicolet
iS50 FTIR) was used to determine the extent of cure of the resin. The oxirane ring of the
epoxy was measured at wavenumber 4530 cm−1, and the amine peaks were measured at
wavenumber 5000 cm−1. The peaks at ∼5900 cm−1 were chosen as the internal standard
because this peak was not affected by the polymerization. The extent of cures X(Epoxy)
and X(Amine) are computed using Equations 10-11, respectively.
C.2.2 Density Testing
The densities of the cured EVAC-EPON828 blends were determined using a
density test kit following the ASTM D792. First, samples were weighed in air and then in
liquid. The liquid used was water (at 25 °C = 0.998 g/cm3), and the densities were calculated
using Equation 8. Measurements are performed in triplicates, and the average values are
reported.
C.2.3 Thermal Characterizations
The cured epoxy resins were analyzed using Thermogravimetric Analysis (TGA)
in nitrogen and air conditions from 30 °C to 700 °C. Approximately 5-10 mg of cured
neat epoxy resin was placed in a platinum pan. The heating rate was 10 °C per minute in
nitrogen, N2 (inert), and air (oxidative). Three replicates were performed, and the average
temperature at 5 wt% decomposition or initial degradation temperature (IDT), the
temperature at 50 wt% decompositions (T50), and the residue at 700 °C were reported.
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Differential Scanning Calorimetry (DSC) of the EVAC/EPON828 blends were
carried out in N2 condition from -25 °C to 200 °C at a heating rate of 10 °C per minute.
Three replicates were performed, and the average values were reported.
C.2.4 Dynamic Mechanical Analysis
The viscoelastic properties of the cured resins were determined using TA
Instruments Q800 DMA. The test was performed at a frequency of 1.0 Hz, a deflection
amplitude oscillation of 7.5 μm, and a Poisson's ratio of 0.35. DMA samples with
dimensions of 35 x 11.5 x 2.5 mm3 were prepared and tested using a single cantilever setup. A heating rate of 2 °C/min from -25 °C to 225 °C (for the resins with EVAC content)
and 0 °C to 250 °C (for 100EPON828) determined the storage modulus (E') at 25 °C, loss
modulus (E"), and Tg at E" peak and tan  peak and damping value at the tan  peak. In
addition, dynamical mechanical runs were performed in triplicates, and the average
values of the thermomechanical properties were reported.
C.3 Results and Discussion
EVAC, EPON828, and EVAC-EPON828 blends were cured by adding a
stoichiometric amount of EPIKURE W. The simplified structures of the resin and curing
agent used in this study are shown in Figure C1. The resulting polymers are light brown
and glassy at room temperature.
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(a)

(b)

(c)
Figure C1. Simplified structure of (a) EVAC (structure adapted with permission from the
works of Sarah Salazar, 2022), (b) EPON828, and (c) EPIKURE W

Figure C2 shows the near-IR spectra of cured epoxy resins. The disappearance of
the peaks at 4530 cm-1 and 5000 cm-1 represents a high epoxy and amine extent of cures.
The 24-hour curing results in high epoxy and amine extent of cure (99%) of the resins, as
shown in Table C2.
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Absorbance

100EVAC
67EVAC - 33EPON 828
33EVAC - 67EPON 828
100EPON 828

6500

6000

5500

5000
-1

Wavenumber (cm )
Figure C2. Near-IR spectra of the cured EVAC-EPON828 blends

Table C2
Epoxy and Amine Extent of Cure

Cured Resins

Xepoxy (%)

XAmine (%)

100EPON828

99.97

99.99

33EVAC-67EPON828

99.84

99.72

67EVAC-33EPON828

99.86

99.82

100EVAC

99.82

99.82
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4500

DSC was performed to determine the cured epoxy resin's glass transition
temperature (Tg). The DSC profile of the cured epoxy resins is shown in Figure C3, with
EVAC showing the lowest Tg. It can be observed that increasing EPON828 content in the
blends increases the Tg of the cured resins. This increase in Tg is due to increased
aromatic units in the epoxy blends [72]. This increase in aromatic units in the blends
improves the stiffness property of the EVAC-EPON828 system [258]. Also, Table C3
shows that the increase in aromatic units in the EVAC-EPON828 system increases the
density of the cured resins. The increase in density can be attributed to greater chain
packing due to chain regularity and chain−chain stacking or hydrogen bonding [195].

Normalized Heat Flow (W/g)

100EPON 828
33EVAC-67EPON828
67EVAC-33EPON828
100EVAC

Endo Down

0

50

100

150

200

250

Temperature (°C)
Figure C3. Representative DSC curves of the cured EVAC-EPON828 blends
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Table C3
Glass Transition Temperature and Densities of the EVAC-EPON828 Blends
Tg (°C)a

 (g/cm3)b

49 ± 1

1.090  0.002

67EVAC - 33EPON828

80 ± < 1

1.121  0.001

33EVAC - 67EPON828

124 ± < 1

1.142  0.002

188 ± 1

1.165  < 0.001

Material
100EVAC

100EPON828
a

b

Determined via DSC; Density measured according to Archimedes' principle at 25 °C

The evaluation of thermal properties of cured epoxies was observed using TGA.
From Table C4, as the EPON828 content, IDT also increases and thus indicating an
increase in thermal stability of the resins. The TGA curves in the air atmosphere (Figure
C4) of the cured resin and blends show two stages of degradation. Initial degradation at
around 320 – 370 °C for all resins is due to the breakdown of epoxy groups [259], and the
degradation at around 550 °C is due to the rupture of the C-C bonds of the carbonaceous
components [15]. All resins show similar temperatures at which 50 wt% degradation
occurs. From Figure C4, increasing the aromatic content of the blend results in improved
thermal stability of the system, and all resin systems show an almost negligible residue at
700 °C.
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Figure C4. Representative TGA thermograms and derivative weights of the cured
EVAC-EPON828 blends in air atmosphere

Table C4
Thermogravimetric Properties of the EVAC – EPON828 Blends in Air
IDT
(°C)a

T50
(°C)b

Residue700
(%)c

100 EVAC

319 ± 1

404 ± 1

0.2 ± 0.1

67EVAC-33EPON828

338 ± 10

396 ± 2

0.2 ± < 0.1

33EVAC-67EPON828

357 ± 1

393 ± 1

0.1 ± < 0.1

391 ± < 1

0.3 ± 0.2

Materials

100EPON828
a
c

371 ± < 1
b

Determined as the temperature at 5% weight loss; Determined as the temperature at 50% weight loss
Residue at 700 °C
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A similar TGA curve trend was observed in the N2 (Figure C5). Initial
degradations were observed at around 340 – 360 °C due to the breakdown of epoxy
groups. Also, increasing the aromatic content of the blend results in improved thermal
stability of the system. All systems show a residue of 8% at 700 °C.
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Figure C5. Representative TGA thermograms and derivative weights of the cured
EVAC-EPON828 blends in N2 atmosphere
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Derivative Weight (%/°C)

Weight (%)

100

Table C5
Thermogravimetric Properties of the EVAC – EPON828 Blends in N2
IDT
(°C)a

T50
(°C)b

Residue700
(%)c

100 EVAC

342 ± 7

397 ± < 1

7±1

67EVAC-33EPON828

345 ± 4

396 ± < 1

8±<1

33EVAC-67EPON828

358 ± 2

394 ± < 1

8±1

368 ± < 1

392 ± < 1

8±<1

Materials

100EPON828
a
c

Determined as the temperature at 5% weight loss; bDetermined as the temperature at 50% weight loss
Residue at 700 °C

DMA is a thermomechanical method used to describe the phase transformation of
polymer materials and evaluate materials' heat resistance, cold resistance, compatibility,
and damping properties [257]. Figure C6 displays the storage modulus property of the
cured EVAC, EPON828, and EVAC-EPON828 blends at 25 °C. The glassy storage
modulus is a function of the chemical structure and chain packing. The cured EPON828
exhibited the highest storage modulus (2199 MPa or 2.2 GPa). The introduction of
EPON828 in the blends enhances the molecular chain rigidity [257], thus increasing the
stiffness property of the cured resin blends.
In this work, the glass transition temperature (Tg) is taken as the temperature at
which the peak of the loss modulus curve occurs. Tg is related to the units' chemical
structure and the polymer chains' packing [254]. An aromatic backbone in the polymer
will increase the Tg, while a longer, flexible backbone in the repeating unit will decrease
Tg [254]. From Figure C6, the cured EPON828 resin shows the highest Tg (172 °C)
because of its rigid and aromatic backbone [260]. The lower Tg of the cured epoxy with
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EVAC compared to the cured EPON828 can be attributed to a reduced formation of
cross-linkages between the epoxy and the hardener units [256]. Increasing the presence
of long aliphatic chains contributes to greater network mobility [256]. Thus, resulting in
looser networks, thereby reducing Tg of the cured epoxy resins. A  relaxation peak at
lower temperatures was also observed for resins with EVAC content. This  relaxation
peak is due to the hydrogen bonding between the methoxy moiety and the hydroxyl
groups formed during polymerization [195]. The β relaxations become more pronounced

Storage Modulus (MPa)

as the concentration of EVAC or methoxy moieties is increased.
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200
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0
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Figure C6 Representative storage and loss modulus curves of the EVAC-EPON828
blends
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The tan  can reflect the compatibility of the blended resins [257]. Blending
modification effectively improves an epoxy system's physical, thermal, mechanical, and
thermomechanical properties to meet specific application needs [257]. If the
compatibility is poor, the blended epoxy system will form two independent phases [257].
The two phases will show different properties of the two components, and thus two peaks
will show in the tan  curve [257]. Figure C7 shows only one tan  peak for the EVACEPON828 blends, indicating that the two resins are fully compatible. Also, it can be
observed from Figure C7 that increasing EPON828 increases the temperature at which
maximum damping will occur. However, all cured resins show similar damping values,
indicating that the ability to dissipate the energy of the epoxy systems does not change
even with the modification of the resin composition in the blends.
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Figure C7. Representative tan  curves of the EVAC – EPON828 blends
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Table C6
DMA Data of the EVAC- EPON828 Blends
Cured Resins
100 EVAC
67EVAC-33EPON828
33EVAC-67EPON828
100EPON828

E' (MPa)a

Tg (°C)b

Tg (°C)c

Tan  (max)

926 ± 66
1751 ± 38
2178 ± 42
2199 ± 177

40 ± 2
71 ± 1
113 ± 1
172 ± 2

55 ± 3
84 ± 1
122 ± 1
182 ± 1

0.62 ± 0.04
0.66 ± 0.01
0.56 ± 0.02
0.61 ± 0.01

aE'

measured at 25 °C; bTg measured as the temperature from the peak of loss modulus; cTg measured as the temperature
from the peak of tan 

The cured EVAC/EPIKURE W resin has lower Tg than cured
EPON828/EPIKURE W. Upon blending EPON828 with EVAC, the cured resin blends
possessed lower Tg's than just EPON828/EPIKURE W system. The experimental Tg's of
the resin blends were compared to the theoretical Tg's by means of the Fox equation
[253]:

1
𝑊1
𝑊2
=
+
𝑇𝑔
𝑇𝑔,1 𝑇𝑔,2

(34)

Where Tg is the glass transition temperature of the EVAC-EPON828 epoxy
blends, T1 and T2 are the Tg's of individually cured EVAC and EPON828, respectively,
and W1 and W2 are the weight fractions of the two epoxy resins. The reciprocals of the
glass transitions of the resins (1/Tg) were plotted against the respective weight fraction of
the resins (1 – WEPON828). The data fit the linear trend set by the Fox Equation with R2 =
0.9984, and thus the Fox equation can be used to accurately predict the Tg's of the cured
epoxy resin blends.
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Figure C8. 1/Tg of EVAC-EPON828-EPIKURE W resins fit to the Fox equation

C4 Conclusion
This work produced an alternative epoxy blend system with increased bio-based
content and improved polymer properties. The cured epoxies exhibit high epoxy and
amine extent of cure. In addition, DSC and TGA characterizations showed that
incorporating EPON828 into the EVAC system increases Tg and the thermal stability of
the system. The cured blends were less brittle and more flexible than commercial
epoxies. DMA showed that the stiffness property of the EVAC epoxy resin improved
after incorporating aromatic chain polymers without affecting the processability and
damping properties. Also, the absence of two peaks in the tan  curves of the blended
resin show that EVAC and EPON828 are fully compatible. The results from this work
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show that EVAC-EPON828 epoxy blends are promising alternatives to petroleum-based
polymers. Also, the results obtained from this work can supply valuable information that
future researchers and the private sector can use.
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Appendix D
List of Acronyms, Abbreviations, and Symbols
°C

Degree Celsius

A

Area

a

Crack length

Ac

Cross-sectional area of the composite

AD

Anno domini

Af

Cross-sectional area of the fibers

AHEW

Amine hydrogen equivalent weight

Al

Aluminum

Al2O3

Aluminum oxide

Am

Cross-sectional area of the matrix

ANOVA

Analysis of variance

Ar

Argon

ASTM

American society for testing and materials

ATZ

Alumina toughened zirconia

b

Width

BC

Before christ

BC

Biocarbon

BOF

2,5-bis[(2- oxiranylmethoxy)methyl]-furan

BSEs

Backscattered electrons

C

Carbon

Ca

Calcium
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CAGR

Compound annual growth rate

CB

Carbon black

CCFs

Commercial carbon fibers

CFRP

Carbon fiber reinforced polymer

Cl

Chlorine

cm

Centimeter

CMC

Ceramic matrix composites

CNSL

Cashew nutshell liquid

CO2

Carbon dioxide

CTRCFs

Chemically treated recycled carbon fibers

d

Distance



Crosshead displacement

d

Depth of beam

DCB

Double cantilever beam

E

Dissipated energy of the hysteresis loop

DETDA

Diethyl-toluenediamine

DFDA

Difurfuryl diamine

DGEBA

Diglycidyl ether of bisphenol A

DMA

Dynamic mechanical analysis

DSC

Differential scanning calorimetry

DTG

Differential thermogravimetric

v

Frequency shift

E

Young's modulus

247

E

Minimum rubbery modulus

E'

Storage modulus

E"

Loss modulus

E*

Complex modulus

EB

Modulus of elasticity in bending

c

Strain of the composite

Ec

Modulus of elasticity of the composite

EDS

Electron dispersive x-ray spectroscopy

EEW

Epoxy equivalent weight

f

Strain of the fibers

Ef

Modulus of elasticity of the fibers

F

Flexural strain

ELTs

End-of-life tires

m

Strain of the matrix

Em

Modulus of elasticity of the matrix

ENF

End notched flexure

EVAC

Diglycidyl ether of vanillyl alcohol cardanol

F

Force

F

Fluorine

Fc

Load sustained by the composite

Ff

Load sustained by the fibers

FIA

Fédération internationale de l'automobile

Fm

Load sustained by the matrix
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FRC

Fiber-reinforced composite

FRP

Fiber-reinforced polymer

FTIR

Fourier transform infrared

FWHM

Full width at half maximum

GHV

Gross heating value

GPa

Gigapascal



Viscosity

H2SO4

Sulfuric acid

HSD

Honest significant test

Hz

Hertz

IDT

Initial degradation temperature

ILSS

Interlaminar shear strength

in

Inch

iPDA

Isophorone diamine

IPN

Interpenetrating polymer network

K

Krenchel factor

K

Kelvin

kN

kiloNewton

kV

kiloVolts

l

Fiber length

L

Final gage length / support span

lc

Critical fiber length

m

Slope
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M

Molar

m2

Square meter

MDA

Methylenedianiline

mm

Millimeter

m

Micrometer

MMC

Metal matrix composites

MPa

Megapascal

N

Newtons

n

Number of cycles

N2

Nitrogen

NaOH

Sodium hydroxide

NHV

Net heating value

O

Oxygen

P

Load

P

Phosphorous

Pa

Pascal

PACM

Bis-(p-aminocyclohexyl) methane

PAN

Polyacrylonitrile

Pas

Pascal second

PEEK

Polyetherketone

phr

Parts by weight of amine per hundred parts by weight epoxy resin

PMC

Polymer matrix composite

psi

Pound per square inch
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PTPs

Pyrolyzed tire particles

PVC

Polyvinyl chloride



Density

R

Crosshead speed

R

Ideal gas constant

RCFs

Recycled carbon fibers



Experimental density

Residue700

Residue at 700 °C

Residue800

Residue at 800 °C

Residue900

Residue at 900 °C

f

Density of the fibers

s

Density of the particle

m

Density of the matrix

L

Density of the liquid



Theoretical density of the composite

RTM

Resin transfer molding



Stress

s

Second

S

Sulfur

SBSS

Short-beam shear strength test

c

Stress carried by the composite

SCFRP

Short carbon fiber reinforced polymer
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SEM

Scanning electron microscopy

SEs

Secondary electrons

f

Stress carried by the fibers

F

Flexural strength

Si

Silicon

SiO2

Silicon dioxide

Load

Loading stress-strain function

m

Stress carried by the matrix

SSA

Specific surface area

Unload

Unloading stress-strain function

t

Time

T

Absolute rubbery temperature

T50

Temperature at 50 wt% degradations

Tan 

Tan delta

Tg

Glass transition temperature

TGA

Thermogravimetric analysis

Ti

Titanium

USD

US dollars

v

Relative velocity

v

Cross-link density of the matrix

Vc

Volume fraction of the composite

Vf

Volume fraction of the fibers

Vm

Volume fraction of the matrix
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vo

Frequency of the incident light

vr

Frequency incident of the scattered light

Vs

Volume of the particles

Vv

Volume of voids in percent

vx

Velocity in the x direction

W

Weight



Frequency

W/g

Watts/gram

WL

Weight of the liquid

Wp

Weight of the pycnometer

Ws

Weight of the particles

WT

Total weight

wt%

Weight percent

X(Amine)

Amine extent of cure

X(Epoxy)

Epoxy extent of cure

XRF

X-ray fluorescence

ZnS

Zinc sulfide

ZrO2

Zirconium dioxide

β

Beta relaxation

γ̇

Shear rate

δ

Phase angle
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